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ABSTRACT 
 
Fluorochlorozirconate (FCZ) glass ceramics are versatile materials whose optical 
properties may be tuned through compositional or processing changes. For this work, 
FCZ glasses were synthesized, and then subsequently heat treated to create optically-
active glass ceramics. The glasses and glass ceramics were characterized using a 
number of methods including differential scanning calorimetry, phosphorimetry, x-ray 
diffraction, and spectrophotometry. Samples were evaluated for applications in 
photovoltaics and computed radiography–especially those pertaining to intraoral dental 
radiography and portal imaging. 
 
The ability of FCZ glass ceramics containing hexagonal barium chloride nanocrystals 
doped with the rare earth elements, holmium and europium, to downshift ultraviolet light 
to wavelengths more usable by polycrystalline silicon photovoltaic cells was 
investigated. The excitation spectra of FCZ glass ceramics doped or co-doped with 
divalent europium more closely match the solar spectrum at the earth’s surface than an 
undoped sample. The addition of holmium gives rise to additional emission nearer to the 
band gap energy of polycrystalline silicon photovoltaic cells.  These materials may 
increase the efficiency of photovoltaic cells in solar energy applications.  
 
The sodium fluoride content in FCZ glass-ceramic storage phosphor plates was varied 
to determine the effect on sample properties, including photostimulated luminescence 
(PSL) light output for computed radiography applications, including intraoral dental 
radiography. The percentage of sodium fluoride used in each sample composition had a 
marked effect on glass stability, transparency, thermal characteristics, and PSL 
performance. The PSL light output of the samples may be suitable for nondestructive 
testing, where dose is not a primary concern. 
  
An FCZ glass ceramic was evaluated for use as a storage phosphor in gamma-ray 
imaging. Test images were made at 2 MeV energies using gap and step wedge 
phantoms. Gaps as small as 101.6 µm [micrometers] in a 440 stainless steel phantom 
vii 
 
were imaged using the sample imaging plate. Analysis of an image created using a 
depleted uranium step wedge phantom showed that PSL emission is proportional to 
incident energy at the sample and the estimated absorbed dose. The sample imaging 
plate has potential for nondestructive testing, as well as portal imaging applications, 
where it may provide geometric and dosimetric verification. 
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CHAPTER I: INTRODUCTION  
Fluorochlorozirconate (FCZ) Glass Ceramics  
Fluorochlorozirconate (FCZ) glass ceramics are composite materials consisting of an 
FCZ glass ceramic matrix with embedded crystallites, typically BaCl2. The BaCl2 
crystallites serve as luminescent centers, making the materials optically active [1-5]. 
The luminescent properties of these materials may be enhanced through rare earth 
doping [6-13]. The dopants may remain in the matrix, or may be incorporated into the 
BaCl2 crystals. In addition, the matrix has many desirable properties, typical for halide 
glasses, such as low phonon energy and high transmission in the infrared region of the 
electromagnetic spectrum [10, 14]. 
 
FCZ glass ceramics can be responsive to many types of radiation.  They can be 
photoluminescent–capable of being excited by visible, UV, and/or infrared radiation (see 
Figure 1) [15-17]. With ionizing radiation, such as x-rays or gamma rays, the materials 
can behave as either scintillators or storage phosphors depending upon processing 
conditions [6, 7, 12, 18-21]. The versatility of these materials makes them suitable for a 
variety of applications, including medical imaging – particularly mammography or dental 
radiography (see Figures 2 and 3), nondestructive testing, radiation detection, and 
wavelength conversion/shifting for photovoltaic applications. 
 
These materials are synthesized as a glass then subsequently heat treated to 
precipitate the BaCl2 crystals within the matrix. Typical compositions are based upon 
ZBLAN (the fluorides of Zr, Ba, La, Al, and Na) with one or more substitutions to 
introduce Cl- into the matrix, such as BaCl2 for BaF2 or NaCl for NaF [8, 21]. A small 
amount of InF3 or SnF4, whose cations are multivalent, is often added to the 
composition to stabilize the Zr in the +4 valence state, preventing inclusions in the glass 
caused by reduced species of Zr [22]; alternately a reactive atmosphere, such as H2, 
may be used during synthesis [9]. Because these materials can be cast in a mold, a 
wide variety of shapes are possible.  
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Figure 1. An FCZ glass ceramic exhibiting photoluminescence under UV 
excitation of 365 nm. 
 
The heat treatment process is critical in the creation of FCZ glass ceramics. It controls 
the volume percentage, size, number, and phase of the BaCl2 crystals present in the 
matrix [11, 12, 23-25].  At heat treatment temperatures of approximately 230 to 260 °C, 
hexagonal-phase BaCl2 nanocrystals will form. At higher heat treatment temperatures, 
approximately 290 °C, the hexagonal-phase BaCl2 crystals, which always form first, will 
transform into orthorhombic-phase BaCl2 crystals. The hexagonal phase is generally 
preferable for scintillator applications, while the orthorhombic phase has better storage 
phosphor performance [18, 21]. 
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Figure 2. (a) a photograph of a tooth with a metal filling and (b) a dental 
radiograph of the same tooth produced with an FCZ glass-ceramic storage 
phosphor plate for computed radiography. 
 
 
 
Figure 3. X-ray micro-CT images of a mouse joint recorded on a 2% Eu-doped 
FCZ glass-ceramic scintillator plate: (a) a transmission X-ray image, (b) a 
reconstructed 3-D image of the selected image in (a), and (c) a cross section from 
the 3-D image in (b). The figure was adapted from [21]. 
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Photovoltaic Cells 
Photovoltaic (PV) cells, commonly referred to as solar cells, are solid-state devices that 
convert photonic energy into electrical current. The PV effect was discovered in 1839 by 
French physicist Alexandre-Edmond Becquerel. Early photovoltaic cells had very low 
efficiencies. It was not until the 1950s that Bell labs developed the first practical PV cell 
by using a diffused silicon p-n junction.  Initial applications were limited to space, where 
the cells’ power-to-weight ratio made them superior to other options available at the 
time. Over time, the efficiencies of these devices have steadily increased along with 
their applications [26, 27]. 
 
Photovoltaic cells have many advantages over other power sources such as coal or 
natural gas. After construction, they operate essentially pollution free. They generate 
energy from the sun, which is a renewable resource. They can operate on a small scale 
and can be placed in remote areas because they do not need to have fuel to produce 
electricity.  
 
Unfortunately, the total cost of a photovoltaic cell over its lifetime, generally measured in 
kilowatts-per-dollar, is high when compared to nonrenewable sources such as coal or 
natural gas. However, photovoltaic cells do have niche applications, such as supplying 
ancillary peak power for large cities, which is generally required mid-day when demand 
is highest, but also when solar cells are most efficient due to the position of the sun. 
However, for photovoltaics to be competitive in supplying electricity on a large scale, 
their efficiency will have to improve and their price will need to drop. 
 
Polycrystalline silicon photovoltaic cells are the most purchased type of solar cell [27]. 
They consist of two layers of polycrystalline silicon, p-type–containing an abundance of 
electron holes, and n-type–containing an abundance of electrons. The two layers form a 
p-n junction. They are generally less expensive than other types of cells but also less 
efficient. Some factors that influence their efficiency are the Shockley–Queisser limit, 
attenuation of the solar spectrum by assembly components, absorption of light away 
from the depletion zone, and reflection of the incident light.  
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The Shockley–Queisser limit predicts the maximum efficiency that a single bandgap 
photovoltaic cell can achieve at the earth’s surface, under the solar spectrum (see 
Figure 4) [26].  For polycrystalline silicon PVs, which have bandgap energy of 1.1 eV, 
this value is around 30%. There are two reasons for this value (see Figure 5). The first 
is that photons with energies below that of the bandgap of the PV are not absorbed and 
pass through without generating the electron-hole pairs necessary for electrical current. 
The second reason is that photons with energies greater than that of the bandgap do 
not completely transfer their energy into electrical current; all energy in excess of the 
bandgap is converted to heat, which cannot be harnessed.  
 
 
 
Figure 4. The solar spectrum at the earth's surface shown with the bandgap 
energy of polycrystalline silicon. Adapted from [28]. 
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Figure 5. Schematic showing conversion inefficiencies due to differences 
between the energy of the incident photons and the bandgap of the in PV 
material: a) excess photonic energy is lost as heat, b) no photonic energy is lost, 
c) all photonic energy is lost. 
 
 
The components of the solar cell assembly that hold and protect the photovoltaic 
material also contribute to the inefficiency of solar cells. Typically the photovoltaic is 
held within a polymer filler behind a glass cover, usually made from soda-lime glass, for 
protection. These materials are not transparent to ultraviolet (UV) light and prevent a 
significant portion of the solar spectrum from reaching the photovoltaic cell. 
 
Light absorption away from the depletion zone is another factor that decreases the 
efficiency of solar cells. The depletion zone is a region which surrounds the p-n junction 
in polycrystalline silicon photovoltaics. If light is absorbed away from the depletion zone 
in the n-region, the electron hole pairs will spontaneously recombine without the 
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generation of electrical current. For this reason, the n-regions of the cells are generally 
made as thin as possible. Absorption of the ultraviolet radiation in this region is a 
significant problem.  
 
If light scatters off the glass cover that protects a solar cell instead of passing through, 
this energy is wasted. This problem has been mostly solved by the addition of anti-
reflective (AR) coating to the top surface of the protective glass cover. 
 
Downshifting is one strategy to alleviate the inefficiencies caused by the Shockley–
Queisser limit: i.e., the UV absorption in the solar cells by the glass cover and polymer 
filler, and absorption in the n-region of PVs [29-31]. Downshifting is the absorption of 
light by a photoluminescent material with subsequent emission of light at lower energy 
(longer wavelength) as shown in Figure 6. In the case of solar cells, downshifting 
material is added to the cover glass, so that higher energy ultraviolet light is converted 
to lower energy visible light that can be used more readily by the photovoltaic cell. The 
lower energy light is able to pass through the glass cover and polymer filler of the 
assembly and also the n-region of the photovoltaic to reach the depletion zone, where it 
can be harnessed to create electrical energy. There is still some loss of energy to heat 
in this process, but overall, more useable light energy reaches the PV material. 
Furthermore, it is more advantageous for the heat generated to be localized on the 
glass cover surface, as it can be transferred away by convection; PV efficiency 
deteriorates with higher temperatures. An additional benefit of this approach is that 
there is reduced exposure of the photovoltaic units to ultraviolet radiation, which can be 
damaging to cells over time. 
 
The excellent photoluminescent properties of FCZ glass ceramics make them potential 
candidates for downshifting glass covers for photovoltaic applications. The combination 
of a transparent, low phonon energy matrix and luminescence-enhancing nanocrystals 
may allow for a significant increase in photovoltaic efficiency through better utilization of 
the UV portion of the solar spectrum.  
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Figure 6. Downshifting: absorption of (a) higher energy, lower wavelength light 
and the subsequent emission at a (b) lower energy, higher wavelength.  Some 
energy is lost as (c) heat. 
 
Computed Radiography 
Computed radiography (CR) is a popular imaging technique with applications in both 
medical imaging and nondestructive testing [32-36]. CR systems use a reusable storage 
phosphor imaging plate. In CR, an x-ray source produces a beam that is attenuated by 
the subject (patient). Denser materials–especially those with high atomic number–
absorb more radiation, thereby creating contrast. The radiation incident at the imaging 
plate will therefore vary spatially. The image is stored as metastable electron-hole pairs; 
their density is proportional to the incident energy. Photostimulation, typically by a laser, 
causes recombination of electron-holes pair with resulting emission of light that is of a 
different wavelength than the stimulation source. The photostimulated light can be 
collected pixel-by-pixel across the imaging plate and assembled via computer to create 
a radiographic image. Any residual image stored within the plate can be erased by 
prolonged exposure to a light source of sufficient intensity. The process is repeatable 
and the imaging plates can be re-used multiple times; the lifetime of the plates is 
generally limited by wear or physical damage to the plates.  
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Commercial CR systems were introduced in the1980s as an attractive alternative to 
film/screen systems. CR has many advantages over film/screen systems, including: 
greater dynamic range, reusable media, and automatic digital image creation with 
readout. In the commercial market for new two-dimensional radiographic systems, 
digital radiography (DR) systems–which use a solid-state, flat panel detector–are CR’s 
primary competition, with both systems owning a sizeable market share. 
Glass-Ceramic Storage Phosphor Materials 
Glass-ceramic storage phosphors have received much attention for their potential as 
storage media for computed radiography applications [18, 19]. The most studied system 
is based upon fluoride glass with precipitated halide crystals within the matrix. Other 
glass matrices, such as the borate glass system, have been studied as well [37]. 
 
Commercial CR imaging plates consist of polycrystalline storage phosphor crystals held 
within a polymeric binder. A thin polymer film protects the optically-active layer from 
damage, while a thicker layer on the opposite side provides stability and support. A 
significant disadvantage with this type of plate is that the stimulating light used during 
readout scatters across the grain boundaries of the polycrystalline material, thus 
causing photostimulated emission away from the target pixel. This emission is 
undesirable because it decreases the spatial resolution of the system (see Figure 7a). 
To mitigate the effects of scattering, the thickness of the plate must be limited; this 
reduces x-ray absorption and requires a trade-off between spatial resolution and 
detective quantum efficiency (DQE). 
 
A glass-ceramic CR imaging plate consists of a transparent glass matrix with embedded 
nanoscale storage phosphor crystals. The size of the crystallites is significantly smaller 
than the wavelength of the stimulating light source, so scattering is greatly reduced. The 
reduction of scattering increases the spatial resolution of the system, bestowing glass-
ceramic storage phosphors an inherent advantage over commercial polycrystalline 
plates (see Figure 7b). The reduced scattering also allows for thicker plates to be 
utilized, increasing x-ray absorption and DQE.  
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Figure 7. (a) Scattering of the stimulating laser beam at the grain boundaries of a 
polycrystalline storage phosphor causing a decrease in spatial resolution and (b) 
reduced scattering in a glass ceramic storage phosphor for improved spatial 
resolution. 
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Biomedical Applications of Glass-Ceramic Storage Phosphor Materials 
Due to the potential for high resolution computed radiography, there has been much 
interest in developing glass-ceramic storage phosphors for biomedical applications such 
as mammography, where the ability to resolve 50-200 um microcalcifications is 
imperative [38].  The relatively large format plates required for mammography (18 cm × 
24 cm and 24 cm × 30 cm), however, make optimization for this application problematic 
on a laboratory scale. For this reason, optimized glass ceramic imaging plates for dental 
applications, in particular intraoral dental radiography, are a more logical starting point 
for commercial development due to the significantly smaller imaging plate size (24 mm 
× 40 mm for a size 1 plate). 
Intraoral Dental Radiography  
Intraoral dental radiography is an invaluable tool for the diagnosis and detection of oral 
diseases such as dental caries (cavities), root fractures, and periodontal (gum) diseases 
[39, 40]. Intraoral dental radiography systems were film-based until the 1980s when 
direct digital and indirect digital systems were introduced commercially. Film-based 
systems are still in-use today, but the general trend is a migration to digital systems 
[41].  
 
In general, exposures are carried out in similar fashion for each of the three 
radiographic methods (film, direct digital, and indirect digital). An x-ray source operating 
between 60-70 kVp produces a beam. The beam is conditioned using a filter made from 
a material such as aluminum to remove lower energy x-rays.  The beam is positioned so 
that the region of interest lies in the focal spot. The x-ray beam is attenuated by the 
patient’s tissue and is recorded by a sensor for the creation of an image. Paralleling 
techniques may be used to ensure dimensional accuracy of the image recorded by the 
sensor. 
 
How the three types of intraoral radiographic systems differ is in their method of 
recording an image and subsequent readout. Film systems use an x-ray sensitive silver 
halide emulsion to create a latent image that must be subsequently chemically 
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developed; the resulting analog image is displayed in a light box. Direct digital systems 
(analogous to DR systems in medical imaging)  use a solid state sensor, either a charge 
coupled device (CCD) or a complementary metal oxide semiconductor (CMOS) to 
create a digital image; the sensors are either  x-ray sensitive or light sensitive and 
paired with an x-ray scintillator. Indirect digital systems use a photostimulable phosphor 
(PSP) to record the image, which much be subsequently read-out using a high speed 
laser scanner system; this type of system is analogous to CR in medical imaging. Each 
of these systems has distinct advantages and disadvantages [39, 40, 42-46]. 
 
Dental practitioners are moving away from film-based systems for many reasons. The 
dose required to generate a diagnostic quality image is higher with film than with digital 
methods. Developing the film is labor intensive and requires a dark room and 
consumable chemicals. The analog images produced are not easily shared or archived. 
The dynamic range for film is more limited than with digital systems, making retakes due 
to over- or under-exposure more likely.   
 
Dental radiography is unique in that imaging is not usually performed by a specialist 
(radiologist), but rather by the dental practitioner or a staff member. This lack of 
specialization and presumably expertise establishes the need for dental radiography 
systems to produce acceptable images with less than ideal exposure parameters. 
Therefore a system that produces high quality images over a wide exposure range is 
highly desirable; it will reduce overall dose to patients due to the reduction in retakes.  
 
Standard parameters are required to objectively compare radiographic systems. The 
following is a list, from literature [39, 43], of parameters commonly used: 
 spatial resolution – usually expressed in the number of line pairs per millimeter 
that can be resolved 
 contrast resolution – typically expressed as the number of holes of varying depth 
in an aluminum phantom that can be detected simultaneously 
 practical exposure range – the difference between the lowest and the highest 
acceptable exposure for making a diagnostic-quality image 
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In general, there is considerable variation in performance between commercial systems 
for each type of system: direct or indirect, with neither system having a clear advantage 
in the commercial market. In practice, the type of system purchased depends upon the 
preference of the dental practitioner and includes such factors as cost (both initial and 
ongoing), patient comfort, and ease of operation. 
    
Costs vary primarily based upon performance; however, there are some differences 
between the direct and indirect systems. Direct systems require the purchase of a costly 
solid state sensor for each image size (pediatric periapical, adult periapical, panoramic, 
etc.). Replacement costs for direct imaging sensors are much higher than for indirect, 
although indirect sensors are more prone to wear.  
 
Due to the thin, flexible nature of PSP plates, indirect radiography is generally 
considered more comfortable than direct. Direct radiography typically requires a cord for 
power and data transmission. This feature combined with the relatively large overall 
thickness of the sensor can make this type of system uncomfortable for children and 
adults with disabilities. Wireless sensors are available, but do little to increase comfort 
due to the increase in size required for accommodating a battery. Patients with a 
tendency to gag may find DR sensors intolerable. Positioning errors are more likely with 
the larger solid state detectors, so retakes are more frequent. 
 
Results from a direct radiography system are immediately available; whereas indirect 
systems require additional time due to the additional readout step required. One 
common readout system for indirect systems may accommodate multiple examination 
rooms, though. For direct systems, either an individual sensor must be purchased for 
each examination room or the sensor must travel from room-to-room.  
 
There is a desire for improved intraoral radiography systems, in terms of dose and 
resolution–both spatial and contrast. For example, one study showed that in a 
comparison of four different modalities: film, CCD, PSP, and cone beam CT, none of the 
studied systems exhibited both high sensitivity and specificity in the detection of 
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proximal caries [45].  Commercial PSP plates have been shown to be no more effective 
than film in the detection of dental root fractures [46]. It is generally acknowledged that 
there is no lower limit to a safe amount of x-ray exposure and it should be limited where 
possible, following the ALARA principle–as low as reasonably achievable. Children, with 
rapidly dividing cells, may be at special risk. In developed nations, dental patients will 
have radiographs taken of their mouths at periodic intervals, typically once per year. 
Lowering the dose required for each dental radiograph will significantly lower the total 
radiation dose received by dental patients over a lifetime.  
 
Dental radiography systems based upon current PSP technology require a tradeoff 
between dose and resolution. Scattering of the stimulating light at the crystalline 
boundaries during readout is a significant factor that limits image resolution. Resolution 
improves as the thickness of the phosphor decreases, because of reduced scattering 
length. Conversely, quantum efficiency, the ratio of detected to incident x-ray quanta, is 
decreased due to lower x-ray absorption. Meaningful improvements in PSP-based 
imaging thus require a new type of phosphor material. 
 
Glass-ceramic storage phosphors represent a new class of computed radiography 
imagining plates. As previously discussed in this chapter, reduced scattering of the 
stimulating light in these materials provides an advantage in spatial resolution. In 
addition, the light output per volume crystal is enhanced by the glass matrix [12]. 
 
The development of glass-ceramic storage phosphors has not yet reached maturity. 
Factors that influence performance include matrix composition and the size, distribution, 
phase, and chemical composition of the embedded storage phosphor crystals. For 
example, the incorporation of lead into the glass matrix may increase x-ray absorption 
and increase detective quantum efficiency. Optimization of these parameters may lead 
to a glass-ceramic intraoral imaging plate superior to existing commercial plates in 
terms of spatial resolution, contrast resolution, dynamic range, and optimized exposure 
(dose). 
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Portal Imaging 
Portal imaging is the use of an oncological therapeutic beam to create an image. The 
primary purpose of this technique is to accurately position the patient [47, 48]. Ideally, 
the image could also be used to verify that the proper dose was administered to the 
patient.  Furthermore, it should be possible for the image to be of near-diagnostic 
quality, so the condition of the irradiated tumor could perhaps be evaluated without 
additional, subsequent imaging; this would reduce dose to the surrounding tissues [48, 
49]. 
 
The energies used in oncology are considerable (greater than 1 MeV) and much greater 
than those used in traditional radiographic applications (less than 100 keV) as shown in 
Table 1. At such energies, interaction occurs primarily by Compton scattering, which 
makes imaging difficult due to low object contrast. Other factors such as the size of the 
focal spot, scattered radiation, and patient motion compound the difficulties of making a 
high quality image at the energies required. For example, in dental radiography spatial 
resolution greater than 10 lp/mm is not uncommon, while modern electronic portal 
imaging devices (EPID), have values in the range of 0.3-0.4 lp/mm [50]. 
 
Originally standard x-ray film was used for the acquisition of portal images. Eventually, 
specialized portal films were developed. Over time other methods were applied 
including CR, EPID, and active matrix flat panel detectors (AMFPI). Each modality has 
its advantages and disadvantages [47, 48, 51, 52]. Portal film is the traditional medium 
utilized for portal imaging; but it is not reusable, requires chemical development, and 
produces analog images that must be digitized in a subsequent step for digital 
manipulation and storage. CR systems have a large dynamic range and produce high-
quality digital images, but require image readout with a laser scanner; thereby the 
images produced are not immediately available. EPDI and AMFPI systems can produce 
an immediate image, but are a subject to radiation damage if the detector is placed 
directly in line with the therapy beam, thus leading to costly replacement. Other 
configurations of EPDI and AMFPI, in which the sensors are outside the beam, such as 
those where a mirror is employed, are inefficient. 
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Table 1. Typical energies for radiotherapy for certain cancer locations. Adapted 
from [48]. 
Cancer Location Beam Energy (MeV) 
larynx 4 
breast 8 
lung 8 
prostate 8-18 
 
 
Glass ceramic-based CR plates for portal imaging may hold an advantage over 
commercially available polycrystalline ones. As noted previously, reduced scattering of 
the stimulating light source in the glass-ceramic plate should lead to increased spatial 
resolution. In addition, the transparent nature of these materials allows for thicker, more 
radiation-absorbing plates to be used for imaging. Conversely, commercial CR plates 
are turbid, so thicker plates would not allow complete transmission of either the 
stimulating source or the photostimulated emission. The increased absorption of the 
therapy radiation by the glass-ceramic imaging plates may lead to an increase in 
detective quantum efficiency and improved imaging characteristics. Improvements in 
spatial resolution and contrast could potentially reduce positioning errors and thus 
decrease the treatment margins around the clinical target volume. 
 
Summary of Work 
 
This work explores the effects of changes in composition and processing on the 
properties of FCZ glasses and glass ceramics. Special interest is given to the 
crystallization characteristics of these materials and their luminescent properties. 
Chapter II focuses on the effects of the dopants Eu2+ and Ho3+ on material properties 
and the suitability of these materials as downshifters for photovoltaic applications. 
Chapter III investigates how the amount of the network modifier NaF affects the 
precipitation of BaCl2 crystals in the glass matrix and its effect on the storage phosphor 
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performance for intraoral dental radiography applications. Chapter IV explores the use 
of an FCZ glass ceramic for computed radiography at MeV energies to determine the 
material’s suitability for portal imaging and nondestructive testing applications. 
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CHAPTER II: 
RARE EARTH DOPED DOWNSHIFTING GLASS CERAMICS FOR 
PHOTOVOLTAIC APPLICATIONS 
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Abstract 
  
The ability of fluorochlorozirconate (FCZ) glass ceramics containing hexagonal barium 
chloride nanocrystals doped with the rare earth elements, holmium and europium, to 
downshift ultraviolet light to wavelengths more usable by polycrystalline silicon 
photovoltaic cells was investigated. Six rare-earth-doped and one undoped FCZ glass 
samples were synthesized and subsequently heat treated to produce glass ceramics 
containing barium chloride nanocrystals in the hexagonal phase. The glasses were 
characterized by differential scanning calorimetry to determine crystallization 
temperatures for the heat treatment process. The resulting glass ceramics were 
characterized by x-ray diffraction, phosphorimetry, and spectrophotometry. All samples 
produce light centered at 470 nm when excited by ultraviolet radiation. The excitation 
spectra of FCZ glass ceramics containing hexagonal barium chloride nanocrystals 
doped or co-doped with divalent europium more closely match the solar spectrum at the 
earth’s surface than the excitation spectrum of an undoped sample. This feature of the 
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europium doped glass ceramics makes them suitable for the process of downshifting to 
improve the efficiency of polycrystalline silicon photovoltaic cells. The addition of 
holmium to the glass ceramics gives rise to additional emissions at higher wavelengths 
and nearer to the band gap energy of polycrystalline silicon photovoltaic cells, reducing 
heating of the cells and thereby increasing cell efficiency. Additionally, the strong 
absorption by europium in the ultraviolet region of the spectrum may allow these glass 
ceramics to serve as a protective layer for ultraviolet sensitive materials.  
 
Introduction 
 
Polycrystalline silicon photovoltaic (PV) cells are the most purchased type of solar cell 
[27]. They are generally less expensive than other types of cells, but also less efficient. 
Some factors that influence their efficiency are the Shockley–Queisser limit [26], 
attenuation of the solar spectrum by assembly components, and absorption of light 
away from the depletion zone. 
 
Downshifting is one strategy to alleviate these inefficiency problems [29] . Downshifting 
is the absorption of light by a photoluminescent material and the subsequent emission 
of light of lower energy. In the case of solar cells, downshifting material is added to the 
cover glass, so that higher energy ultraviolet light is converted to lower energy  visible 
light, which can be more readily used by the photovoltaic cell. The lower energy light is 
able to pass through the glass cover and polymer filler of the assembly and also the n-
region of the photovoltaic cell, to reach the depletion zone, where it can be harnessed to 
create electrical energy (see Figure 8).  There is still some loss of energy to heat in this 
process, but more useable light energy reaches the PV material. Furthermore, it is 
advantageous for the heat to be generated on the cover surface where it can be 
transferred away by convection, as PV efficiency deteriorates with higher temperatures. 
An additional benefit of this approach is that there is reduced exposure of the 
photovoltaics to ultraviolet radiation, which is damaging to the cell over time.  
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Figure 8. Illustration of Downshifting to Improve PV Efficiency 
 
 
The purpose of this work is to investigate the ability of fluorochlorozirconate (FCZ) glass 
ceramics [16, 17, 53] containing hexagonal barium chloride nanocrystals doped with the 
rare earth elements, holmium and europium, to downshift ultraviolet light to wavelengths 
more usable by polycrystalline silicon photovoltaic cells. Europium and holmium are 
both well-known luminescent materials, producing emission in the visible range [54, 55]. 
A series of FCZ glass samples were produced with the desired amount of rare earth 
dopant, and then subsequently heat treated to precipitate BaCl2 nanocrystals to create 
a glass ceramic. Crystallization temperatures for the base glasses were found using 
differential scanning calorimetry (DSC) [25, 56, 57]. X-ray diffractometry (XRD) was 
used to identify the phases present in the glass ceramics [58]. Emission and excitation 
spectra were determined with phosphorimeter measurements [20, 59]. The locations of 
absorption peaks in the glass ceramics were found using a spectrophotometer. 
 
22 
 
Materials and Methods 
 
Six FCZ glass samples were prepared for this research with a composition in mole 
percentage of this form: 51.0ZrF4-20.0BaCl2-20.0NaF-3.0AlF3-3.5LaF3-0.5InF3-xEuCl2-
(2.0-x)HoF3, where x represents the amount of the doping material to be added. One 
additional sample with no dopant material was also made for comparison, 53.0ZrF4-
20.0BaCl2-20.0NaF-3.0AlF3-3.5LaF3-0.5InF3.  
 
During synthesis, the raw materials were weighed in a glovebox (MBRAUN Labmaster 
SP) with an argon atmosphere to prevent contamination from oxygen or water vapor. 
Next, the sample materials were heated within a platinum crucible inside a 
programmable tube furnace (MTI Corporation OTF-1200X) to a temperature of 825 °C 
(see Figure A1 in the Appendix). The furnace was connected to the glovebox though a 
doorway and also contained an argon atmosphere. At the completion of the heating 
cycle, the molten glass was poured into a brass mold at a temperature of 200 °C (see 
Figure A2 in the Appendix). The brass mold was equipped with a cartridge heater 
connected to a PID controller, allowing for the gradual cooling of the glass to room 
temperature over a period of four hours.  
 
Differential Scanning Calorimetry (Netzsch DSC 200 F3) scans were made from 100 °C 
to 400 °C at a rate of 10 K per minute. Sample mass was 20 ± 10 mg for each scan. 
The results of these scans determined the heat treatment temperatures used to 
precipitate barium chloride nanocrystals within the glass samples, converting them into 
glass ceramics [58]. 
 
A portion of each glass sample of approximate size 1 cm x 1 cm was heat treated in air 
using a tube furnace at around 250 °C for five minutes to precipitate hexagonal BaCl2 
nanocrystals in the glass matrix of the samples to create a glass ceramic. Prior to heat 
treatment, the samples were preheated using a hot plate to approximately 200 °C to 
prevent thermal shock. During the heat treatment process, the samples were held in an 
aluminum compartment that had an embedded thermocouple to monitor temperature. 
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Upon removal from the aluminum compartment the samples were placed on a 200 °C 
surface to prevent thermal shock and then allowed to cool slowly in the ambient air. 
 
X-ray diffraction measurements of the heat treated samples were performed on a 
Philips X’Pert MRD X-ray Diffractometer in the 2θ range from 20° to 80°.  Scanning rate 
step size was 0.01° with a time step of 4 seconds.  Prior to measurement, the samples 
were polished to expose the sample bulk.  MDI Jade 9 analytical software was used to 
identify phases.  
 
Excitation and emission spectra were determined using a QM-3-PH phosphorescence / 
fluorescence spectrofluorometer (Photon Technology International, Inc.) with Czerny-
Turner monochromators at the source and detector. The system was equipped with a 
Type L4633 Xenon Flash Lamp (Hamamatsu Photonics K.K.) and an R1527P 
Photomultiplier tube (Hamamatsu Photonics K.K.). The computer interface was a PC 
equipped with FeliX32 software for data analysis. The measurements in this study were 
made using the following parameters:  step size = 1 nm, integration time = 50 µs, 
averages (number of repeated scans for which results are averaged) = 3, shots (lamp 
pulses per each individual scan with results averaged) = 50, lamp frequency = 100 Hz.   
 
Transmission spectra for the samples were found using GenTech Scientific TU-1901 
double beam ultraviolet/visible light spectrophotometer with UVWin 5.0.4 software. The 
samples were scanned from 190 to 900 nm in one nanometer increments. Interchange 
from the tungsten lamp to the deuterium lamp occurred at 360 nm.  
 
Results and Discussion 
 
Differential Scanning Calorimetry 
Differential Scanning Calorimetry scans yielded similar results for all samples (see 
Figure 9). The addition of the rare earth halides had no measurable effect on the DSC 
scans. The glass transition temperature for all samples was about 214 °C.  The large 
exothermal peaks centered near 240 °C represent the formation of hexagonal BaCl2 
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crystals [58].  At higher temperature, these crystals undergo a solid state transformation 
to form the orthorhombic phase [60], which is associated with the exotherms at 
approximately 300 °C [56]. Large exothermic peaks due to bulk crystallization of the 
glass matrix can be seen centered between 314 °C and 331 °C [56].  
 
X-ray Diffraction 
X-ray diffraction results confirmed that nanocrystals precipitated during the heat 
treatment process for the glasses (see Figure 10). The diffractograms for the heat 
treated samples were all quite similar, meaning the same phases are present in all 
samples after heat treatment. The diffractogram for an unannealed glass is shown for 
comparison. The crystal peaks match the pattern for BaCl2 in the hexagonal phase 
(Powder Diffraction File PDF 45-1313).  These results, along with the results from DSC, 
indicate that the amount and type of doping had little or no effect on the hexagonal 
BaCl2 crystallization process.  
 
Phosphorimetry  
Barium chloride nanoparticles doped with divalent europium embedded in an FCZ glass 
matrix give  photoluminescent emission when excited with UV radiation [61]. Results 
from this study show that the presence of europium is not required for emission from 
barium chloride nanocrystals in the hexagonal phase (see Figure 11a). The excitation 
spectrum for the undoped glass ceramic is complex and cannot be satisfactorily 
deconvoluted. Hexagonal BaCl2 is metastable and cannot be grown as bulk crystals, so 
its luminescent properties outside of a glass matrix are not known [62, 63]. Therefore 
the effect of the glass matrix on absorption cannot be determined. The addition of 
divalent europium in the form of EuCl2 does not significantly alter the emission spectrum 
(see Figure 11b), but eliminates some of the luminescent pathways at the lower end of 
the UV spectrum, while simultaneously creating new transitions at higher UV 
wavelengths (see Figures 12a and 12b).  
 
The excitation spectra of the FCZ glass ceramic doped with divalent europium more 
closely matches the solar spectrum at the earth’s surface than the excitation spectrum 
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of the undoped sample (see Figure 12). This feature of the europium doped glass 
ceramic makes it suitable for the process of downshifting higher energy ultraviolet light 
to lower energy  visible light, which can be more readily used by photovoltaic cells. 
 
The addition of trivalent holmium doping in the form of HoF3 has little effect on the 
excitation spectra of the glasses in the ultraviolet region when measuring the emission 
at 470 nm (see Figure 13); the shape of the spectrum in this region is almost entirely 
determined by whether or not europium is present. A small peak centered at 360 nm is 
the most noticeable change. This peak is only present in the co-doped samples and can 
be attributed to energy exchange from the Ho3+ ions, which absorb strongly at this 
wavelength, to the BaCl2:Eu
2+ luminescent center, which is responsible for the emission 
centered at 470 nm. Co-doping the samples very noticeably changes the excitation 
spectra in the visible region, with increasing emission at excitation wavelengths of 425 
nm or greater. This feature of the co-doped excitation spectra can also be explained by 
energy exchange between the Ho3+ ions and the BaCl2:Eu
2+ luminescent center due to 
the strong absorption of Ho3+ centered at around 450 nm, which can be seen in the 
spectrophotometry results presented later in this chapter.  
 
The emission spectra for the glass-ceramic samples see several changes with the 
addition of trivalent holmium (see Figure 14). An emission peak centered at 545 nm 
appears and grows in intensity with increased holmium content. This emission is likely 
due to two causes: direct excitation of the holmium ion at the 360 nm wavelength and 
partial absorption of europium doped BaCl2 nanocrystal emission at the peak centered 
at 470 nm.  
 
The small peak centered at 410 nm on the europium doped samples is not present in 
the samples that are undoped or singularly doped with holmium. Because this emission 
increases with increasing holmium content, energy exchange between the two 
luminescent centers is likely. One possible route is energy transfer from the Ho3+ ion to 
the Eu2+ ion where it emits due to the 4f-5d electronic transition. 
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The emission spectrum for the sample that is singularly doped with holmium does not 
exhibit the large broad peak centered at 470 nm seen in the other spectra. This result 
indicates that the 470 nm emission is dependent upon energy exchange between the 
BaCl2 nanocrystals and the divalent europium when excited with ultraviolet light 
(360nm). 
 
The holmium doped samples all have an emission peak centered at 545 nm due to the 
presence of Ho3+ ions in the glass matrix that increases in relative intensity with 
increased holmium doping percentage. This phenomenon is advantageous because 
lower energy light, nearer the bandgap energy of the PV cell (1.1 eV or 1127 nm [26]), 
is converted to electricity by photovoltaic cells with reduced heating of the cell, thereby 
increasing cell efficiency.  
 
The presence of holmium creates a disruption in the emission curve centered at 
approximately 450 nm in the emission spectrum of the co-doped samples [64]. Holmium 
has a strong absorption band in this region of the spectrum; the absorption at 450 nm 
likely contributes to the emission seen at 545 nm. 
 
It should be noted that in past studies of samples that were made in a similar fashion to 
those discussed here, amounts of trivalent europium were detected even though only 
divalent europium compounds were used in sample preparation; this was  attributed to 
oxidation [65]. Nonetheless, trivalent europium is not present in sufficient quantity in the 
samples discussed here to produce measureable emission in the yellow to red region of 
visible light, where trivalent europium emits with the greatest intensity [54].  
 
The undoped glass did not exhibit any significant luminescence before heat treatment. 
In addition, all emission could be assigned to either BaCl2, BaCl2:Eu
2+, or Ho3+ in the 
heat treated glass-ceramic samples. Therefore, no emission is attributed to the glass 
matrix. 
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Figure 9. DSC scans for (a) an undoped FCZ glass and (b-g) FCZ glasses doped 
as follows: (b) 0.0% HoF3 / 2.0% EuCl2, (c) 0.4% HoF3 / 1.6% EuCl2, (d) 0.8% HoF3 / 
1.2% EuCl2, (e) 1.2% HoF3 / 0.8% EuCl2, (f) 1.6% HoF3 / 0.4% EuCl2, and (g) 2.0% 
HoF3 / 0.0% EuCl2. The data are stacked for clarity. 
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Figure 10. X-ray diffractograms for: (a) an FCZ glass ceramic containing undoped 
barium chloride nanocrystals, (b-g) an FCZ glass ceramic  containing barium 
chloride nanocrystals doped as follows: (b) 0.0% HoF3 / 2.0% EuCl2, (c) 0.4% HoF3 
/ 1.6% EuCl2, (d) 0.8% HoF3 / 1.2% EuCl2, (e) 1.2% HoF3 / 0.8% EuCl2, (f) 1.6% HoF3 
/ 0.4% EuCl2, (g) 2.0% HoF3 / 0.0% EuCl2, (h) an FCZ glass that has not been heat 
treated, and (i) the pattern for hexagonal phase BaCl2 (PDF 45-1313). The data are 
stacked for clarity. 
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Figure 11. Normalized emission spectra for FCZ glass ceramics containing (a) 
undoped and (b) 2.0% EuCl2 doped barium chloride nanocrystals. The undoped 
sample was excited at 270nm; the doped sample was excited at 360 nm. The 
spectra are stacked for clarity. 
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Figure 12. Normalized excitation spectra for 470 nm emission for FCZ glass 
ceramics containing (a) undoped and (b) 2.0% EuCl2 doped barium chloride 
nanocrystals. The global solar spectrum with 37° south facing tilt (c) [28]. The 
spectra are stacked for clarity. 
 
31 
 
 
Figure 13. Normalized excitation spectra for: (a) an FCZ glass ceramic containing 
undoped barium chloride nanocrystals, (b-g) an FCZ glass ceramic  containing 
barium chloride nanocrystals doped as follows: (b) 0.0% HoF3 / 2.0% EuCl2, (c) 
0.4% HoF3 / 1.6% EuCl2, (d) 0.8% HoF3 / 1.2% EuCl2, (e) 1.2% HoF3 / 0.8% EuCl2, (f) 
1.6% HoF3 / 0.4% EuCl2, and (g) 2.0% HoF3 / 0.0% EuCl2. Emission was measured 
at 470 nm for all samples. The data are stacked for clarity. 
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Figure 14. Normalized emission spectra for: FCZ glass ceramic containing barium 
chloride nanocrystals doped as follows: (a) 0.0% HoF3 / 2.0% EuCl2, (b) 0.4% HoF3 
/ 1.6% EuCl2, (c) 0.8% HoF3 / 1.2% EuCl2, (d) 1.2% HoF3 / 0.8% EuCl2, (e) 1.6% HoF3 
/ 0.4% EuCl2, and (f) 2.0% HoF3 / 0.0% EuCl2. The samples were excited at 360 nm. 
The data are stacked for clarity. Emission from the undoped sample was 
extremely weak and was therefore not included on this graph. 
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Spectrophotometry 
The transmission spectrum for each of the samples is shown in Figure 15. It is clear that 
the addition of divalent europium changes the transmission spectra of the glasses. Light 
at wavelengths below about 370 nm is completely absorbed by the glass ceramics 
containing europium. This property of the europium doped samples could be exploited if 
the glass ceramic was used as a cover for UV sensitive materials. The addition of 
trivalent holmium gives rise to several smaller absorptions in the visible spectrum. 
These absorptions due to holmium will decrease the output of PV cells by reducing 
some of the incident light; future studies are required to determine if the gains from 
downshifting will outweigh the losses caused by the holmium absorptions. 
 
Conclusions 
 
The excitation spectra of FCZ glass ceramics containing hexagonal BaCl2 nanocrystals 
doped or co-doped with divalent europium more closely matches the solar spectrum at 
the earth’s surface than the excitation spectrum of an undoped sample. This feature of 
europium doped glass ceramics makes them suitable for the process of downshifting to 
improve the efficiency of polycrystalline silicon photovoltaic cells. The addition of 
holmium to the glass ceramics gives rise to additional emission at higher wavelengths 
and nearer to the band gap energy of polycrystalline silicon photovoltaic cells, reducing 
heating of the cells and thereby increasing cell efficiency. Additionally, the strong 
absorption by europium in the ultraviolet region of the spectrum may allow these glass 
ceramics to serve as a protective layer for ultraviolet sensitive materials.  
 
34 
 
 
Figure 15. Transmission spectra for: (a) an FCZ glass ceramic containing 
undoped barium chloride nanocrystals, (b-g) an FCZ glass ceramic  containing 
barium chloride nanocrystals doped as follows: (b) 0.0% HoF3 / 2.0% EuCl2, (c) 
0.4% HoF3 / 1.6% EuCl2, (d) 0.8% HoF3 / 1.2% EuCl2, (e) 1.2% HoF3 / 0.8% EuCl2, (f) 
1.6% HoF3 / 0.4% EuCl2, and (g) 2.0% HoF3 / 0.0% EuCl2. The data are stacked for 
clarity. 
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CHAPTER III: 
THE EFFECTS OF SODIUM FLUORIDE CONTENT ON THE 
PROPERTIES OF FCZ GLASS CERAMICS AND THEIR 
PERFORMANCE AS STORAGE PHOSPHORS FOR DENTAL 
RADIOGRAPHY 
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Abstract 
 
The sodium fluoride content in fluorochlorozirconate (FCZ) glass-ceramic storage 
phosphor plates was varied to determine the effect on sample properties, including 
photostimulated light (PSL) output for computed radiography applications, in particular 
intraoral dental radiography. Differential scanning calorimetry showed that increasing 
sodium fluoride content, in general, lowered the glass transition, crystallization, and 
phase transformation temperatures of the as-made glasses. Spectrophotometry results 
showed an increase in transparency with increased sodium fluoride content. Portions of 
each glass composition underwent a series of heat treatments in which europium-doped 
barium chloride crystals in the orthorhombic phase were precipitated to create glass-
ceramic storage phosphor imaging plates. The resulting imaging plates were 
characterized by x-ray diffraction and phosphorimetry to determine the crystalline 
phases present in each sample for each heat treatment temperature. Visual inspection 
showed loss of transparency at lower heat treatment temperatures for samples with 
higher sodium fluoride content. Photostimulated luminescence decay curves were 
generated for each sample after exposure to x-ray radiation from a copper anode x-ray 
source operating at 45 kVp.  In addition, select samples were evaluated using a 70 kVp 
x-ray source, which provided energies more similar to those used in intraoral dental 
radiography.   There is a complex relationship between PSL light output and sodium 
fluoride content in the samples. Samples with intermediate amounts of sodium fluoride 
(15, 20, and 25 percent) had the greatest light output. It is hypothesized that a phase 
that forms with partial crystallization of the glass matrix consumes the barium chloride 
crystals before they can fully transform into the orthorhombic phase in the sample with 
the lowest amount of sodium fluoride, thus, greatly reducing its PSL light output; this 
37 
 
phenomenon also affects the performance of the other samples, but to a lesser degree. 
The PSL light output of the samples was insufficient for intraoral dental radiography, but 
may be suitable for other applications such as nondestructive testing, where dose is not 
a primary concern.  
 
Introduction 
 
Fluorochlorozirconate (FCZ) based glass ceramics have shown promise in a variety of 
applications including medical imaging, nondestructive testing, and photovoltaic 
applications [18, 19, 21, 66, 67]. Compositions are typically modified ZBLAN glasses 
with an amount of chlorine added to the composition, so that BaCl2 can be precipitated 
within the glass matrix, creating an optically-active glass ceramic [23, 25, 57, 68]. 
Typically the crystals are doped with rare earth elements for increased performance [7, 
16, 20, 59].  
 
The phase of the BaCl2 crystals present in the glass ceramic has a strong effect upon 
the luminescent properties of the material. FCZ glass ceramics with BaCl2:Eu
2+ in the 
orthorhombic phase have shown much potential in storage phosphor applications [18, 
19, 69]. FCZ glass ceramics with hexagonal phase BaCl2:Eu
2+ have much lower storage 
phosphor performance and are better suited for scintillation or downshifting applications 
[6, 12, 66]. 
 
ZBLAN, consisting of the fluorides of zirconium, barium, lanthanum, aluminum, and 
sodium, is the most stable heavy metal fluoride glass [70, 71]. Zirconium is the network 
former with all other cations serving as network modifiers that increase the stability of 
the glass during synthesis. Multivalent cations such as indium or tin are sometimes also 
added to prevent reduction of the zirconium in the melt [22].  Sodium content has been 
shown to influence the stability of fluorozirconate glasses during synthesis and also to 
affect the properties of the resulting glass [72, 73]. To the author’s knowledge, however, 
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the influence of sodium on the properties of FCZ glass and glass ceramics has not been 
studied.   
 
In this study, the effects of sodium content on FCZ glasses and glass ceramics are 
explored, with particular interest given to storage phosphor performance for computed 
radiography applications. A series of glass samples was made with varying amounts of 
NaF used in their synthesis. The as-made glasses were characterized by differential 
scanning calorimetry (DSC) and spectrophotometry. In order to make an optically-active 
glass ceramic storage phosphor, portions of each glass composition were heat treated 
to precipitate orthorhombic BaCl2:Eu
2+ crystals within the samples.  Each sample was 
heat treated at a series of temperatures so that the optimum temperature for maximum 
storage phosphor efficiency could be found.  X-ray diffraction (XRD) and 
phosphorimetry were used to determine the phase(s) of BaCl2 present in each heat 
treated sample. Photostimulated luminescence (PSL) studies were conducted using a 
copper anode x-ray tube operating at 45 kVp and 40 mA to determine how the PSL light 
output of the FCZ glass ceramics varied with composition and heat treatment 
temperature. Select samples were additionally compared against commercial storage 
phosphors plates at energies (70 kVp) typical for intraoral dental radiography.  
 
Materials and Methods 
 
A series of FCZ glass samples were prepared for this research with a composition in 
mole percentage as shown in Table 2. Excluding NaF, the chemicals used in the 
composition had a relative ratio of 51.0ZrF4-20.0BaCl2-3.5LaF3-3.0AlF3-0.5InF3-
0.8EuCl2-1.2HoF3. The NaF content was varied for each sample: 10, 15, 20, 25, and 
30% on a molar basis.  
 
The samples were prepared in an argon atmosphere using a glove box (MBRAUN 
Labmaster SP) with a connected tube furnace (see Figure A1 in the Appendix). The 
samples were synthesized in a two-step process.  In the first step, all ingredients, 
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excluding BaCl2, EuCl2, and HoF3, were melted together at a temperature of 800 °C. In 
the second step the remaining chemicals were added and the entire composition was 
heated to a temperature of 750 °C. Following a 5 minute fining step at 700 °C, the 
molten glass was poured into a temperature-controlled brass mold preheated to 200 °C 
that was slowly cooled to 25 °C over a period of 4 hours (see Figure A2 in the 
Appendix). The combined weight of the raw materials for each sample was 10 grams. 
The crucible material was platinum. The ingredients were weighed before and after 
each furnace heating step. The weight of each glass sample was recorded upon 
removal form the mold. 
 
Transmission spectra for the polished raw glass samples were collected using a 
GenTech Scientific TU-1901 double beam ultraviolet/visible light spectrophotometer 
with UVWin 5.0.4 software. The samples were scanned from 200 to 900 nm with 1.0 nm 
increments. Interchange of the tungsten lamp to the deuterium lamp occurred at 330 
nm. 
 
DSC (Netzsch DSC 200 F3) scans were made for each raw glass sample from 100 °C 
to 400 °C at rates of 1 K per minute. Portions of the glass samples of approximate size 
5 mm x 5 mm x 1.6 mm were heat treated in air using a programmable heat treatment 
system (see Figure A3 in the Appendix). The temperature in the sample chamber was 
PID controlled, using cartridge heaters as the heat source and thermocouples to 
monitor the temperature. The samples were first heated to a temperature of 200 °C at a 
rate of 5 °C per minute and held at that temperature for 10 minutes. The samples were 
then heat treated to the desired maximum temperature at a rate of 1 °C per minute and 
held at that temperature for 5 minutes. Afterward the samples were cooled to 25 °C at a 
rate of 5 °C per minute. A sample heat treatment profile is shown in Figure 16. Table 3 
shows the heat treatments for all samples. Initially, heat treatment temperatures were 
chosen based upon the DSC results. 
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Table 2. Glass sample compositions. 
 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
ZrF4 57.37 54.19 51 47.82 44.63 
BaCl2 22.5 21.25 20 18.75 17.5 
NaF 10 15 20 25 30 
AlF3 3.37 3.19 3 2.81 2.63 
LaF3 3.94 3.72 3.5 3.28 3.06 
InF3 0.56 0.53 0.5 0.47 0.44 
EuCl2 0.9 0.85 0.8 0.75 0.7 
HoF3 1.35 1.27 1.2 1.13 1.05 
 
 
 
 
 
 
Figure 16. Sample heat treatment temperature profile. 
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Table 3. Heat treatment temperatures for each sample composition. 
Temperature 
(°C) 
10% NaF 15% NaF 20% NaF 25% NaF 30% NaF 
270 
   
x x 
275 
   
x 
 
280 
  
x x 
 
285 
  
x x 
 
290 
 
x x x x 
295 
 
x x x x 
300 x x x x x 
305 x x x x x 
310 x x x x x 
315 x 
 
x x 
 
320 x x 
 
x 
 
325 
     
330 x x x x x 
335 
     
340 
  
x x x 
 
 
X-ray diffraction measurement of the raw glass and heat treated samples was 
performed on a Philips X’Pert MRD X-ray Diffractometer in the 2θ range from 20° to 80°.  
Scanning rate step size was 0.05° with a time step of 10 seconds.  Prior to 
measurement, the samples were polished to expose the sample bulk.  MDI Jade 9 
analytical software was used to identify phases.   
 
The excitation and emission spectra for each glass ceramic were determined using a 
QM-3-PH phosphorescence / fluorescence spectrofluorometer (Photon Technology 
International, Inc.) with Czerny-Turner monochromators at the source and detector. The 
system was equipped with a Type L4633 Xenon Flash Lamp (Hamamatsu Photonics 
K.K.) and an R1527P Photomultiplier tube (Hamamatsu Photonics K.K.). The computer 
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interface was a PC equipped with FeliX32 software for data analysis. The 
measurements in this study were made using the following parameters:  step size = 1 
nm, integration time = 50 µs, averages (number of repeated scans for which results are 
averaged) = 3, shots (lamp pulses per each individual scan with results averaged) = 50, 
lamp frequency = 100 Hz.   
 
Photostimulated emission characteristics for each glass ceramic were measured using 
a custom system consisting of a collector cone, a photosensor (photomultiplier tube) 
module and power supply (Hamamatsu HC124-06 and C7169), a data acquisition card 
(National instruments NIUSB-6215), and a 532 nm pumped diode Nd/YAG laser 
operating at 60 mW (see Figure A4 in the Appendix).  To measure the emission, the 
material was first exposed to x-ray radiation from a Cu anode x-tube operating at 45 
kVp and 40 mA. Exposure time for each sample was 60 ± 2 s. The samples were 
transported from the source to the readout system within light-tight containers. 
Measurement of the PSL signal occurred at 30 ± 1 minutes after exposure for each 
sample to reduce variation due to dark decay. Matlab software operating on a personal 
computer was used to collect the data generated. Integrated PSL signal was 
determined from 10s of data after the initial signal rise; the estimated background was 
subtracted from these results. 
 
One heat treated sample from each glass composition was additionally tested after 
exposure by an x-ray source operating at 70 kVp and 200 mA for 2.5 s. There was a 10 
mm aluminum filter between the source and imaging plate for removal of soft x-rays. 
The estimated exposure is 8R. For comparison, measurements were made using 
commercial storage phosphors produced by Fuji Photo Film Co. (type ST-VI) and 
Dentoptix, which are used for chest and dental radiography, respectively. To prevent 
saturation of the detector while testing the commercial phosphors, the exposure was 
2.5% and 5% that of the glass ceramic samples for the Fuji and Dentoptix plates 
respectively; the data was scaled accordingly for comparison, assuming a linear 
response to dose. The photostimulated emission was measured using a system 
consisting of a 4” integrating sphere (Labsphere, Inc.), a photosensor module and 
43 
 
power supply (Hamamatsu HC124-06 and C7169), a data acquisition card (National 
instruments NIUSB-6215), and a 532 nm pumped diode Nd/YAG laser operating at 17 
mW.  A 3.2 mm diameter portion of the sample was stimulated diffusely from within the 
integrating sphere; the laser power at the sample was 48 µW. Matlab software operating 
on a personal computer was used to collect the data generated. As before, 
measurement of the PSL signal occurred at 30 ± 1 minutes after exposure for each 
sample to reduce variation due to dark decay. Integrated PSL signal was determined 
from 196 s of data after the initial signal rise; the estimated background was subtracted 
from these results. 
 
Results 
 
Mass Loss 
During synthesis, there was significant mass loss due to evaporation during both 
melting steps.  Loss at each step was related to the NaF content for each sample, with 
increased NaF content leading to reduced mass loss (see Figure 17).  In addition, the 
mass loss was greater during the first melting step than the second for all samples. 
Tabulated results can be found in the Appendix (see Table A1). 
 
This result indicates NaF has an effect on the stability of the molten glass, which is 
related to the strength of the chemical bonds within. The increased yield resulting from 
higher NaF content is advantageous in a large-scale, commercial manufacturing 
environment, where cost is a primary concern.    
Spectrophotometry 
The transmission spectra for the sample glasses before heat treatment are shown in 
Figure 18. Various disruptions can be seen in the spectra due to absorptions from the 
rare earth dopants present in the matrix. Complete opacity at wavelengths less than 
approximately 380 nm is due to absorption by Eu2+[66]. The sharp absorption bands in 
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the spectra such as those found at 450, 540 and 640 nm can be attributed to absorption 
by Ho3+ [64, 66]. 
 
 
 
 
Figure 17. Evaporative mass loss during synthesis in relation to sample sodium 
fluoride content: (a) during first melt, b) during second melt, and (c) total. 
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NaF content appears to have a role in the glass transparency. While all samples were 
similar in appearance, being transparent with a slightly yellow-brown hue, 
spectrophotometry results showed some variance in light transmission, with the two 
samples with the lowest sodium content, 10% and 15% NaF, being the least 
transparent. It is assumed that the NaF content does not affect the glass on the 
macroscopic scale and any decrease in transparency is due to increased absorption 
within the material and not due to light scattering losses.  
 
Regions of interest relating to the wavelength of the stimulating laser for PSL and the 
corresponding PSL emission peak wavelength are shown in Figures 19 and 20, 
respectively. It is desirable for the materials in storage phosphor applications to be 
transparent at the wavelengths at which stimulation and subsequent light emission 
occur. Absorption of the stimulating light away from the luminescent centers (the 
precipitated BaCl2:Eu
2+ nanocrystals in the glass ceramic) is undesirable, as it requires 
either additional laser fluence or increased stimulation time to collect the same PSL 
emission as could be accomplished with a non-absorbing matrix. Absorption of PSL 
emission by the glass matrix decreases signal intensity. For a given imaging system, 
plates that self-absorb PSL emission will require additional dose (exposure) to generate 
an equivalent signal, when compared to equivalent plates that do not have this issue.  
Based upon the spectrophotometry results, it is expected that the sample compositions 
with higher NaF content, being more transparent, will have an advantage in PSL light 
output. 
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Differential Scanning Calorimetry 
Plots of the DSC scans at 1K per minute for each glass composition are shown in 
Figure 21. From the DSC curves, key temperatures relating to crystallization and matrix 
stability can be extracted (see Figure 22): 
 
 Tg – the glass transition temperature 
 To-hex – the  onset of crystallization for hexagonal BaCl2 
 Tp-hex – the peak crystallization temperature for the hexagonal BaCl2 
 To-ortho – the  onset of phase transformation to orthorhombic BaCl2 crystals 
 Tp-ortho – the peak temperature for phase transformation to orthorhombic BaCl2 
crystals 
 To-matrix – the  onset of partial crystallization of the glass matrix  
 
The compositional changes have a large influence on the thermal characteristics of 
glasses (see Table 4 and Figure 23). For all compositions, the glass transition 
temperature decreased with increasing NaF content.  For the samples with 15%, 20%, 
and 25% NaF, hexagonal BaCl2 crystallization, the hexagonal-to-orthorhombic phase 
transformation, and partial crystallization of the glass matrix occurred at decreasing 
temperatures with increasing NaF content; the 10% NaF sample, follows the 
crystallization trends found in the 15%, 20%, and 25% NaF samples, but its hexagonal-
to-orthorhombic phase transformation peak is obscured by an overlapping of the matrix 
crystallization peak. The sample with 30% NaF does not fit the trends for crystallization 
observed in the other samples and, as with the 10% NaF sample, its hexagonal-to-
phase transformation is likewise obscured by a matrix crystallization peak. 
  
The DSC results indicate the increased NaF content increases the mobility of the atoms 
in the matrix as there is, in general, a decrease in glass transition temperature and 
crystallization temperature with increased NaF content. The crystallization temperature 
for the 30% NaF sample does not follow this general trend however. A possible 
explanation for this deviation from the trend concerns the amount of Ba2+ and Cl- 
present in each sample composition. As the mole percentage of NaF used in each 
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composition increases, the amount of the other ingredients decreases. So the sample 
30% NaF sample, which has the largest amount of NaF in its composition, also has the 
least quantity of BaCl2. So while the Ba
2+ and Cl- ions may be more mobile in the 30% 
NaF sample, there are less of them, making the creation of a stable nucleus less likely; 
with this composition, the lower concentration of the reactants, rather than increased 
mobility due to the Na+ content, becomes the more dominant factor in the crystallization 
kinetics. 
 
As previously mentioned, the 15%, 20% and 25% NaF samples have a detectable 
exothermic DSC peak associated with the hexagonal-to-orthorhombic phase 
transformation of the BaCl2 crystals.  For the 10% and 30% NaF samples, this event 
does not occur until partial crystallization of the glass matrix has already begun, which is 
undesirable. 
Visual Inspection of the Samples after the Heat Treatment Process 
The heat treated samples are shown in Figure 24 under visible and UV (365 nm) light. 
For comparison, glass samples that have not been heat treated are also shown. For 
each composition, the raw glass was transparent with a slight yellow-brown hue.  The 
heat treated samples became less transparent with increased temperature. In addition, 
the samples became photoluminescent following heat treatment.  
 
Samples with increased amounts of NaF lost transparency at significantly lower heat 
treatment temperatures that were much closer to the hexagonal-to-orthorhombic phase 
transformation than those with lesser NaF content. Loss of transparency is attributed to 
increased BaCl2 crystallite size: larger crystals have increased light scattering, leading 
to a loss in transmission. Light scattering at the stimulation wavelength is unfavorable in 
storage phosphors used in computed radiography applications due to its detrimental 
effect on image spatial resolution. Scattered stimulating light will cause electron-hole 
pair recombination at locations spatially removed from the pixel being read-out; this 
result increases the width of the point spread function and decreases spatial resolution 
for the image being generated. 
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Figure 18. Transmission Spectra for the samples glasses before heat treatment: 
(a) 10% NaF, (b) 15% NaF, (c) 20% NaF, (d) 25% NaF, and (e) 30% NaF. 
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Figure 19. Transmission spectra for the glass samples before heat treatment in 
the region of interested for photostimulated luminescence with a laser of 
wavelength 532 nm: (a) 10% NaF, (b) 15% NaF, (c) 20% NaF, (d) 25% NaF, and (e) 
30% NaF. 
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Figure 20. Transmission spectra for the glass samples before heat treatment in 
the region of interest for photostimulated luminescence with emission centered 
at ~402 nm: (a) 10% NaF, (b) 15% NaF, (c) 20% NaF, (d) 25% NaF, and (e) 30% NaF. 
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Figure 21. DSC scan at a rate of 1 K per minute for the sample glass: (a) 10% NaF, 
(b) 15% NaF, (c) 20% NaF, (d) 25% NaF, and (e) 30% NaF. 
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Figure 22. Key temperatures relating to crystallization and glass stability. 
 
 
 
 
 
Table 4. Key temperatures relating to crystallization and glass stability for each 
glass composition extracted from the 1K per minute DSC scans. 
NaF (%) 10 15 20 25 30 
Tg (°C) 239 227 217 203 199 
To-hex (°C) 259.8 242.4 231 225.1 227.1 
Tp – hex (°C) 265.4 248.6 236.8 230.2 231.8 
To - ortho (°C) n/a 297.9 285 278.6 n/a 
Tp-ortho (°C) n/a 302.4 289.3 283.1 n/a 
To-matrix (°C) 320.4 318.5 303.5 289.6 256 
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Figure 23. Plots of (a) Tg, (b) To-hex, (c) Tp-hex, (d) To-ortho, (e) Tp-ortho, and (f) To-matrix 
derived from the 1K per minute DSC scan of the raw glass samples as a function 
of NaF content.  
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The emission of the samples under UV light progressed from cyan to violet to a dim 
purple as heat treatment temperature increased. At lower heat treatment temperatures, 
the cyan emission of the samples is indicative of hexagonal phase BaCl2, while the 
violet seen at higher temperature heat treatments is indicative of BaCl2:Eu
2+ in the 
orthorhombic phase.  At the highest heat treatment temperatures, sample emission is 
greatly reduced; this topic will be addressed in the Discussion section of this chapter. 
 
X-ray Diffraction 
For each composition, XRD results for the raw glass and heat treated samples are 
shown in Figures 25 through 29 along with the peaks, from the literature, for both the 
hexagonal (Powder Diffraction File PDF 45-1313) and orthorhombic (Powder Diffraction 
File PDF 24-0094) phase BaCl2 crystals.  The diffractograms are somewhat noisy due 
to the relatively small volume of crystals in each heat treated sample (~20%) and small 
sample size (~ 5mm × 5mm).  
 
The diffractograms for the raw glass samples are devoid of sharp peaks, due to their 
amorphous nature. The heat treated samples, however, show many sharp peaks 
protruding from the amorphous background, indicating that crystallization has occurred.  
For all compositions at lower heat treatment temperatures, hexagonal phase BaCl2 can 
be readily identified by prominent peaks at 31.1, 39.3, 45.2, 56.0, and 61.2°. 
Orthorhombic BaCl2 is more difficult to identify in the diffractograms, and cannot be 
positively identified in samples with 10% NaF and 30% NaF. For the remaining 
samples, with 15%, 20%, and 25% NaF, the orthorhombic phase is apparent at 
intermediate heat treatment temperatures, with the diffraction peaks at 31.0 and 34.2° 
being most prominent. At the higher heat treatment temperatures, the diffractograms for 
the samples show additional peaks belonging to crystals other than BaCl2 and a 
decreased amorphous background, indicating partial crystallization of the glass matrix. 
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Phosphorimetry  
The photoluminescent emission spectra for the heat treated samples are shown in 
Figures 30 through 34. The spectra follow a similar trend with increasing heat treatment 
temperature. At lower temperatures, the spectra indicate the presence of a significant 
volume of hexagonal BaCl2:Eu
2+ within the samples; the emission from the hexagonal 
BaCl2:Eu
2+ can be identified by a large, tall peak centered at approximately 410 nm and 
a broad peak extending from about 450 to 530 nm [7, 12, 23]. As the heat treatment 
temperature increases, the position of the large, tall peak shifts to approximately 402 
nm and the broad peak diminishes, indicating the BaCl2:Eu
2+ crystals have transformed 
into the orthorhombic phase.  The phase transformation temperatures from hexagonal 
to orthorhombic for the BaCl2:Eu
2+ crystals may therefore be estimated from the data as 
shown in Table 5, which are in strong agreement with the DSC results (see Table 4). 
The presence of Ho3+ in the sample also affects the emission spectra of the samples, 
most notably the emission peak centered at approximately 545 nm[66]. Ho3+ also 
causes several disruptions in the spectra that can be clearly seen at 415, 450, and 485 
nm. These disruptions are the result of the Ho3+ ions absorbing some of the BaCl2:Eu
2+ 
emission and match the spectrophotometry results (transmission spectra) for the glass 
samples prior to heat treatment. 
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Figure 24. Photographs of the as-made and heat treated samples for each 
composition under (a) visible and (b) 365 nm UV light. Locations without a sample 
are marked with an “X”. 
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Figure 25. XRD Results for the 10% NaF sample: a) raw glass, samples heat 
treated to (b) 300, (c) 305, (d) 310, (e) 315, (f) 320, and (g) 330 °C, (h) the pattern for 
hexagonal phase BaCl2 (PDF 45-1313), and (i) the pattern for orthorhombic phase 
BaCl2 (PDF 24-0094). 
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Figure 26. XRD Results for the 15% NaF sample: (a) raw glass, samples heat 
treated to (b) 290, (c) 295, (d) 300, (e) 305, (f) 310, (g) 315,  (h) 320, and (h) 330 °C, 
(j) the pattern for hexagonal phase BaCl2 (PDF 45-1313), and (k) the pattern for 
orthorhombic phase BaCl2 (PDF 24-0094). 
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Figure 27. XRD Results for the 20% NaF sample: (a) raw glass, samples heat 
treated to (b) 280, (c) 285, (d) 290, (e) 295, (f) 300, (g) 305, (h) 310, (i) 315,  (j) 330, 
and (k) 340 °C, (l) the pattern for hexagonal phase BaCl2 (PDF 45-1313), and (m) 
the pattern for orthorhombic phase BaCl2 (PDF 24-0094). 
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Figure 28. XRD Results for the 25% NaF sample: (a) raw glass, samples heat 
treated to (b) 270, (c) 275, (d) 280, (e) 285, (f) 290 (g) 295, (h) 300, (i) 305,  (j) 310, 
(k) 315, (l) 320, (m) 330, and (n) 340 °C, (o) the pattern for hexagonal phase BaCl2 
(PDF 45-1313), and (p) the pattern for orthorhombic phase BaCl2 (PDF 24-0094). 
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Figure 29. XRD Results for the 30% NaF sample: (a) raw glass, samples heat 
treated to (b) 270, (c) 290, (d) 295, (e) 300, (f) 305 (g) 310, (h) 330, and (i) 340 °C, (j) 
the pattern for hexagonal phase BaCl2 (PDF 45-1313), and (k) the pattern for 
orthorhombic phase BaCl2 (PDF 24-0094). 
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Figure 30. Emission spectra for the 10% NaF sample after heat treatments to the 
following temperatures: (a) 300, (b) 305, (c) 310, (d) 315, (e) 320, and (f) 330 °C. 
The excitation wavelength was 360 nm. 
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Figure 31. Emission spectra for the 15% NaF sample after heat treatments to the 
following temperatures: (a) 290, (b) 295, (c) 300, (d) 305, (e) 310, (f) 315, (g) 320, 
and (h) 330 °C. The excitation wavelength was 360 nm. 
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Figure 32. Emission spectra for the 20% NaF sample after heat treatments to the 
following temperatures: (a) 280, (b) 285, (c) 290, (d) 295, (e) 300, (f) 305, (g) 310, (h) 
315, (i) 330, and (j) 340 °C. The excitation wavelength was 360 nm. 
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Figure 33. Emission spectra for the 25% NaF sample after heat treatments to the 
following temperatures: (a) 270, (b) 275, (c) 280, (d) 285, (e) 290 (f) 295, (g) 300, (h) 
305,  (i) 310, (j) 315, (k) 320, (l) 330, and (m) 340 °C. The excitation wavelength was 
360 nm. 
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Figure 34. Emission spectra for the 30% NaF sample after heat treatments to the 
following temperatures: (a) 270, (b) 290, (c) 295, (d) 300, (e) 305 (f) 310, (g) 330, 
and (h) 340 °C. The excitation wavelength was 360 nm. 
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Table 5. Phase transformation temperatures from hexagonal to orthorhombic for 
the BaCl2:Eu
2+ crystals estimated from the emission spectra of the heat treated 
samples. 
NaF (%) 10 15 20 25 30 
To - ortho (°C) 315 300 290 280 305 
 
 
 
Photostimulated Emission Measurements 
PSL study of all heat treated samples using an x-ray tube operating at 45 kVp 
A representative PSL curve from this study is shown in Figure 35. The emission 
diminishes with time and can be approximated with an exponential decay curve or the 
summation of multiple exponential decay curves. Due to their exponential nature, direct 
comparison of the PSL curves is difficult. In this study, for easier comparison of the PSL 
output of the samples, the total signal for a finite amount of time was calculated from the 
data collected for each sample: 
 
  PSL Areafinite  ∑         
 
          (1) 
where  
PSL Areafinite = the area under the PSL decay curve  
    integrated for finite period of time 
       = the intensity of the PSL signal at a time     
     = sampling interval 
  = the number of data points used 
 
The integrated PSL signals based upon this method are shown in Figure 36; the data 
represent the average area calculated from two separate PSL measurements. For this 
metric, the 15% NaF sample is the best performing, but has a small process window for 
heat treatments (300 – 310 °C). The 20% and 25% NaF samples have slightly lower 
performance, but larger process windows (295 – 310 °C and 285 – 310 °C, 
68 
 
respectively). Larger process windows would be advantageous in a large-scale 
manufacturing environment. 
 
For all compositions, there is a heat treatment temperature at which there is a steep 
increase in signal that corresponds to the phase transformation from hexagonal to 
orthorhombic BaCl2 (see Tables 4 and 5). After this initial gain, some of the 
compositions have further improvement in performance with increasing temperature, 
which may be the result of increased crystallite size [12]. The two compositions with the 
least NaF, 10% and 15%, have a steep reduction in performance at higher heat 
treatment temperatures, while for the other samples, the drop-off is not so pronounced.  
 
The 25% NaF sample has a data point at 315 °C that appears out-of-place in 
comparison to the surrounding data points. However, an additional measurement for 
this heat treated sample yielded PSL results that matched those from the original 
measurements. Furthermore, an additional portion of the 25% NaF sample was also 
heat treated to 315 °C using the same parameters as the first heat treated sample; 
measurement of its PSL light output also yielded similar results, indicating the anomaly 
in performance is real. The results of all four measurements can be found in the 
Appendix (see Figure A5).   
 
Comparison against commercial imaging plates at energies typical for intraoral 
dental radiography 
The PSL light output of select samples are compared against commercial storage 
phosphors, produced by Fuji Photo Film Company and Dentoptix, at 70 kVp energies 
that are typical for intraoral dental radiography in Figure 37. The samples produced in 
this study had significantly lower performance than the commercial plates. The 20% 
NaF sample compared most favorably, having approximately 10% and 30% of the total 
light output of Fuji and Dentoptix plates respectively. 
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Figure 35. Representative PSL curve from the 15% NaF sample, heat treated to 
310 °C. 
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Figure 36. Integrated PSL signal for each heat treated sample based upon 10 
seconds of data for the:  (a) 10% NaF sample, (b) 15% NaF sample, (c) 20% NaF 
sample, (d) 25% NaF sample, and (e) 30% NaF sample. Each point represents the 
average area from two PSL measurements. 
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Figure 37. Comparison of PSL light output of select samples against commercial 
storage phosphors: (a) 10% NaF sample, heat treated to 315 °C, (b) 15% NaF 
sample, heat treated to 310 °C, (c) 20% NaF sample, heat treated to 300 °C, (d) 
25% NaF sample, heat treated to 290 °C, and (e) 30% NaF sample, heat treated to 
305 °C, (f) a Fuji Photo commercial plate, and (g) a Dentoptix commercial plate.  
The data are plotted on a log10 scale. 
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Discussion 
 
The percentage of NaF content used in glass synthesis had a marked effect on sample 
properties. Increasing NaF content led to the following changes: 
 
 more stable molten glasses with less evaporative loss during synthesis 
 more transparent glasses prior to heat treatments 
 lower glass transition temperatures 
 lower crystallization and phase transformation temperatures, excluding the 30% 
NaF sample 
 loss of transparency at lower heat treatment temperatures    
 
The effect of NaF on PSL light output, however, is not straightforward.  For the results at 
45 kVp exposures with the compositions containing 15%, 20% NaF, 25% NaF, and 30% 
NaF, it would appear that increasing NaF decreases performance. This result could be 
expected based upon the percentage of Ba2+, Cl-, and Eu2+ present in the starting 
materials, which increases with decreased NaF content and forms the PSL luminescent 
center BaCl2:Eu
2+ upon crystallization and subsequent transformation to the 
orthorhombic phase. Based upon this line of reasoning, the 10% NaF sample, with the 
most Ba2+, Cl-, and Eu2+ present in the starting materials, should have the best 
performance, but does not. 
 
The 10% NaF sample is the least transparent sample before heat treatment, but this 
result does not explain its lower performance. The heat treat samples were stimulated 
for a sufficient amount of time so that reduced transmission at the stimulating 
wavelength would not affect the overall light output collected. In addition, while the 
transmission for the 10% NaF sample at the PSL emission wavelength is low, it is 
roughly equivalent to the 15% NaF sample, which is the highest performing sample. 
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A possible explanation for the trends in PSL light output for the heat treated samples is 
revealed when, for each sample composition, the PSL results are overlaid with the DSC 
curves. These overlays are shown in Figures 38 through 42. In Figure 38, the 10% NaF 
sample produces considerable PSL signal when heat treated to 315 °C, but almost no 
signal when heat treated to 320 °C. The rapid decline in PSL output for the 10% NaF 
sample coincides with a large exothermic peak in the DSC curve for the glass, which is 
associated with partial crystallization of the glass matrix. A similar drop-off in 
performance can be seen in the 15% NaF sample and, although the reduction is not as 
drastic, in the 20% and 30% NaF samples. Alvarez showed that for FCZ glass 
ceramics, partial crystallization of the glass matrix may result in crystalline phases that 
contain Ba2+ and Cl-, which consume existing BaCl2 during their formation [74]. 
Consumption of BaCl2 in this manner would decrease the number of luminescent 
centers in the FCZ glass ceramics and therefore reduce PSL light output. In addition, 
crystallization of the matrix would lessen transparency, also leading to a decrease in 
light output. It is hypothesized that the light output of the 10% NaF sample is relatively 
low because the hexagonal-to-orthorhombic phase transformation of BaCl2 is not 
allowed to reach completion before the BaCl2 crystals are consumed by the phase that 
forms with partial crystallization of the glass matrix.  
 
The 25% NaF sample differs from the other samples in that its PSL performance 
remains relatively stable across higher heat treatment temperatures where additional 
crystallizations occur, according to the DSC and XRD data. It is possible that these new 
phases do not consume Ba2+ or Cl- in their formation, so PSL performance is not 
affected. An alternative explanation is that at least one of the subsequent phases has 
storage phosphor properties of its own; this hypothesis is supported by the drop in 
performance at a heat treatment temperature of 315 °C, followed by the subsequent 
increase in performance at 320 °C.  
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The PSL light output of the heat treated samples was significantly less than that of the 
two commercial storage phosphors to which they were compared. Clearly for intraoral 
dental radiography applications, where dose is critical, significant improvements in 
performance must be obtained before glass-ceramic storage phosphors of the type 
produced for this study can be competitive with existing commercial technologies. The 
samples’ PSL light output, however, may be sufficient for nondestructive testing 
applications, where dose is not a primary consideration. The small area of the heat 
treated sample (~5mm × 5mm) prevents basic imaging tests to determine spatial 
resolution and contrast detection; larger area glass samples must be made and heat 
treated for this type of testing to proceed.  
 
Conclusions 
 
This study shows that the percentage of NaF used in preparation of FCZ glass ceramics 
has a marked effect on the materials’ properties. The stability of the molten glass is 
improved with increasing NaF content, leading to reduced mass loss through 
evaporation during glass synthesis. The glass transition temperature decreases with 
increasing NaF content. Up to 25% NaF, crystallization of hexagonal BaCl2 and its 
subsequent transformation to the orthorhombic phase occurs at lower temperatures with 
increased NaF content. As-made glasses with increased NaF content were slightly 
more transparent; however, this trend reversed after the heat treatment process, with 
higher NaF content glass ceramics becoming more turbid at lower heat treatment 
temperatures. 
 
There is a complex relationship between PSL light output and NaF content in the 
samples. Those samples with intermediate amounts of NaF (15, 20, and 25%) had the 
greatest light output. It is hypothesized that in the 10% NaF sample, a phase that forms 
with partial crystallization of the glass matrix consumes the BaCl2 crystals before they 
can fully transform into the orthorhombic phase, thus greatly reducing its PSL light 
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output. This phenomenon is posited to also affect the performance of the other samples, 
but to a lesser degree.  
 
The PSL light output of the glass-ceramic samples was considerably less than that of 
commercial phosphors when tested at energies typical for intraoral dental radiography. 
For this and other applications where dose is critical, significant improvements in 
performance must be obtained before glass-ceramic storage phosphors of the type 
produced for this study can be competitive with existing commercial technologies. The 
reduced PSL light output of the samples, compared to what is commercially available, 
may still be suitable for nondestructive testing, where dose is not a primary concern. 
Larger area samples will have to be produced before additional testing of imaging 
performance can proceed.   
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Figure 38. Overlay of (a) the integrated PSL signal as a function of heat treatment 
temperature and (b) the DSC curve for the 10% NaF sample. 
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Figure 39. Overlay of (a) the integrated PSL signal as a function of heat treatment 
temperature and (b) the DSC curve for the 15% NaF sample. 
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Figure 40. Overlay of (a) the integrated PSL signal as a function of heat treatment 
temperature and (b) the DSC curve for the 20% NaF sample. 
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Figure 41. Overlay of (a) the integrated PSL signal as a function of heat treatment 
temperature and (b) the DSC curve for the 25% NaF sample. 
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Figure 42. Overlay of (a) the integrated PSL signal as a function of heat treatment 
temperature and (b) the DSC curve for the 30% NaF sample. 
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CHAPTER IV: 
EVALUATION OF A FLUOROCHLOROZIRCONATE GLASS-CERAMIC 
STORAGE PHOSPHOR PLATE FOR GAMMA-RAY COMPUTED 
RADIOGRAPHY          
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A version of this chapter was originally published by Russell L. Leonard, Sharon K. 
Gray, Carlos J. Alvarez, Alex K. Moses, Lloyd F. Arrowood, Anthony R. Lubinsky, 
Amanda K. Petford-Long, and Jacqueline A. Johnson: 
 
 Leonard, R.L., et al., Evaluation of a Fluorochlorozirconate Glass-Ceramic 
Storage Phosphor Plate for Gamma-Ray Computed Radiography. Journal of the 
American Ceramic Society, 2015. DOI: 10.1111/jace.13664 
 
Russell L. Leonard was responsible for all writing and research activities in the 
original article except as noted: Gray provided the XRD data. Alvarez and Petford-Long 
provided the results and discussion pertaining to the SEM and TEM measurements. 
Moses and Arrowood were responsible for the exposure of the samples at MeV 
energies. Lubinsky assisted with the photostimulated luminescence measurements and 
imaging and the evaluation of those results. Johnson provided guidance for the overall 
project. This chapter differs from the original publication in that the potential for portal 
imaging applications is discussed in more detail and some ancillary figures are included 
in the Appendix. 
 
Abstract 
 
A fluorochlorozirconate (FCZ) glass ceramic containing orthorhombic barium chloride 
crystals doped with divalent europium was evaluated for use as a storage phosphor in 
gamma-ray imaging. X-ray diffraction and phosphorimetry of the glass-ceramic sample 
showed the presence of a significant amount of orthorhombic barium chloride crystals in 
the glass matrix. Transmission electron microscopy and scanning electron microscopy 
were used to identify crystal size, structure, and morphology.  The size of the 
orthorhombic barium chloride crystals in the FCZ glass matrix was very large, ~0.5-0.7 
μm, which can limit image resolution. The FCZ glass-ceramic sample was exposed to 1 
MeV gamma rays to determine its photostimulated emission characteristics at high 
energies, which were found to be suitable for imaging applications.  Test images were 
made at 2 MeV energies using gap and step wedge phantoms. Gaps as small as 101.6 
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µm in a 440 stainless steel phantom were imaged using the sample imaging plate. 
Analysis of an image created using a depleted uranium step wedge phantom showed 
that emission is proportional to incident energy at the sample and to the estimated 
absorbed dose. The results indicate that the sample imaging plate has potential for 
gamma-ray computed radiography and dosimetry applications. The ability of these 
materials to generate an image at MeV energies with complementary dosimetry 
information indicates potential for use in portal imaging applications. 
  
Introduction 
 
Computed radiography (CR) is a valuable imaging technique in which reusable storage 
phosphor plates capture an image of an object probed with ionizing radiation, typically 
x-rays [36]. Electron-hole pairs are thereby created within the storage phosphor plate in 
proportion to the incident radiation; hence the attenuation of the beam by the subject 
creates an image, stored within the phosphor plate. The image can be subsequently 
read-out by stimulating the electron-hole pairs within the plate using a light source, such 
as a laser, causing recombination and light emission that can be collected and 
measured to create a digital image. Any latent image remaining within the plate can be 
erased through prolonged exposure to a light source, allowing the plate to be reused. 
CR is commonly used in medical imaging, where it is an attractive alternative to 
traditional film/screen and digital (DR) x-ray radiography [32]. CR has advantages over 
traditional film in that it has greater dynamic range, does not require chemical 
development, and creates a digital picture as part of the read-out process. CR systems 
are generally less costly to implement and allow for easier manipulation and placement 
of the imaging sensor (plate) when compared to DR systems.  
 
CR has found use in portal imaging applications, where a high energy radiotherapy 
beam is used to acquire an image [47, 48, 75]. The image is primarily used for 
geometric verification, ensuring that treatment occurs in the correct location. Portal 
imaging may also be used provide dosimetric verification. Near-diagnostic images 
should be possible, but the spatial resolution of the image produced by commercial 
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portal imaging systems is poor [48, 49]. For example, modern electronic portal imaging 
devices (EPID) have values in the range of 0.3-0.4 lp/mm [50]. Improvements in spatial 
resolution could potentially reduce positioning errors and decrease treatment margins 
around the clinical target volume. 
 
CR is also used in nondestructive testing to check the internal structure of an object 
such as a pipe or a welded component [33-35]. Unlike with medical imaging, dose is 
generally not a concern, so longer exposures and higher energy photons, including 
those in the MeV portion of the electromagnetic spectrum, may be used to probe the 
materials. Higher energies allow for the imaging of thicker, higher density materials. 
Radioisotopes such as 192Ir, 75Se, and 60Co and linear accelerators (linacs) can serve as 
radiation sources [33]. The type of photon interaction shifts from the photoelectric effect 
(energies less than 50 keV) to Compton scattering (100 keV to 10 MeV) as the energy 
of the radiation source increases. Image creation remains the same, however: 
exposure, electron-hole pair creation, stimulation, recombination and read-out, followed 
by erasure. As incident energy increases, the Compton scattering angle decreases, 
which should reduce spreading and increase resolution, especially in relatively thick 
imaging plates. 
 
Traditional commercial storage phosphors are finely powdered crystals held within an 
organic binder [76]. Scattering of the stimulating light at crystal boundaries is an 
inherent problem leading to reduced resolution. Thinning of the phosphor plate results in 
improved resolution, but at the same time, a decrease in detective quantum efficiency, 
thus requiring increased dose. 
 
Glass ceramics represent a new class of storage phosphor materials. 
Fluorochlorozirconate (FCZ) glass ceramics containing orthorhombic BaCl2:Eu
2+ 
nanocrystals have shown the potential for greatly improved resolution when compared 
to traditional storage phosphor materials [18, 19]. With nanocrystals much smaller in 
diameter than the wavelength of the stimulating light, scattering is greatly reduced, 
leading to a large improvement in resolution. 
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The purpose of this work is to evaluate an FCZ glass ceramic containing orthorhombic 
BaCl2:Eu
2+ crystals for use as a storage phosphor in gamma-ray computed radiography.  
An FCZ glass sample doped with Eu2+ was produced, then subsequently heat-treated to 
precipitate orthorhombic BaCl2 crystals within the matrix to create a glass ceramic 
capable of performing as a storage phosphor. The approximate temperature of the 
BaCl2 hexagonal-to-orthorhombic phase transformation was estimated using differential 
scanning calorimetry (DSC) [66, 77]. X-ray diffractometry (XRD) and phosphorimetry 
measurements were used to identify the crystalline phases present in the glass ceramic 
[78]. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 
were used to identify crystal size, structure, and morphology [23, 68]. The sample was 
exposed to 1 MeV gamma rays to determine its photostimulated emission 
characteristics at high energies. Test images were made using two types of phantoms 
at 2 MeV energies. To the author’s knowledge, this is the first time testing of this type of 
plate with high-energy sources has been reported. 
 
Experimental Procedure 
 
An FCZ glass sample was prepared with a composition in mole percentage as follows: 
47.80ZrF4-19.90BaCl2-3.28LaF3-2.81AlF3-25.0NaF-0.47InF3-0.75EuCl2. During 
synthesis, the raw materials were weighed in a glovebox (MBRAUN Labmaster SP) with 
an argon atmosphere to prevent contamination from oxygen or water vapor (see Figure 
A1 in the Appendix). The total weight for the sample mixture was 45 grams. Next, the 
sample mixture was heated within a platinum crucible inside a programmable tube 
furnace (MTI Corporation OTF-1200X) to a temperature of 800 °C. The furnace was 
connected to the glovebox though a doorway and also contained an argon atmosphere. 
At the completion of the heating cycle, the molten glass was poured into a brass mold at 
a temperature of 200 °C (see Figure A2 in the Appendix). The brass mold was equipped 
with cartridge heaters and a thermocouple connected to a PID controller that gradually 
cooled the glass to room temperature over a period of four hours.  
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A differential scanning calorimetry (Netzsch DSC 200 F3) scan was conducted from 100 
°C to 400 °C at a rate of 1 K per minute. A 27.0 mg portion of the sample was used for 
the scan. The result of this scan was used to estimate the heat treatment conditions 
used to precipitate orthorhombic phase BaCl2 crystals in the glass matrix, forming a 
glass ceramic. 
 
A portion of the glass sample of approximate size 6 cm × 6 cm × 0.15 cm was heat 
treated in air using a custom-built, programmable device (see Figure A3 in the 
Appendix). The temperature in the sample chamber was PID controlled, using cartridge 
heaters as the heat source and thermocouples to monitor the temperature. The sample 
was heated to 300 °C at a rate of 5 K per minute and held at that temperature for 30 
minutes, after which it was cooled to room temperature at a rate of 5 K per minute.  
 
X-ray diffraction measurement of the heat-treated sample was performed on a Philips 
X’Pert MRD X-ray Diffractometer with a Cu anode x-ray source, in the 2θ range from 
20° to 80°.  The scanning rate step size was 0.02° with a time step of 10 seconds.  Prior 
to measurement, the sample was polished to expose the sample bulk.  MDI Jade 9 
analytical software was used to identify the crystalline phases.  
 
The emission spectrum was determined using a QM-3-PH phosphorescence / 
fluorescence spectrofluorometer (Photon Technology International, Inc.) with Czerny-
Turner monochromators at the source and detector. The system was equipped with a 
Type L4633 Xenon Flash Lamp (Hamamatsu Photonics K.K.) and an R1527P 
Photomultiplier tube (Hamamatsu Photonics K.K.). The computer interface was a PC 
equipped with FeliX32 software for data analysis. The measurements in this study were 
made using the following parameters:  step size = 1 nm, integration time = 50 µs, 
averages (number of repeated scans for which results are averaged) = 6, shots (lamp 
pulses per each individual scan with results averaged) = 50, lamp frequency = 100 Hz. 
 
TEM and SEM were used to identify crystal size, structure, and morphology within the 
sample. The specimen was sectioned, polished, and mounted onto an SEM stub using 
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conductive epoxy. The preparation was completed with the use of oil-based lubricants 
to prevent the dissolution or reaction of the highly hygroscopic BaCl2 crystals with water. 
The specimen was first analyzed with SEM (Zeiss 1540XB FIB-SEM) at 5 kV in a 
focused ion beam (FIB). A backscattered electron detector was used to distinguish the 
crystalline phase from the glass matrix. After imaging with SEM, the sample specimen 
was coated with gold and capped with a carbon protection layer; the FIB was then used 
to make a TEM lift-out specimen. After thinning the lamella down to electron 
transparency, the specimen was characterized using a JEOL 2100F TEM at 200 kV with 
a double-tilt holder. Dark-field TEM was used to highlight the locations of the crystals 
within the glass matrix. Selected area electron diffraction (SAED) patterns were taken 
from the crystal regions within the lamella.  The software package, Single Crystal, was 
used to simulate the corresponding SAED patterns. 
 
Photostimulated emission characteristics were measured using a custom system 
consisting of a 4” integrating sphere (Labsphere, Inc.), a photosensor module and 
power supply (Hamamatsu HC124-06 and C7169), a data acquisition card (National 
instruments NIUSB-6215), and a 532 nm pumped diode Nd/YAG laser operating at 60 
mW. To measure the emission, the material was exposed to 1 MeV gamma rays at a 
distance of 72 inches for 2.5 minutes using a Varian Medical Systems Linatron-M3 
linear accelerator. The estimated dose at the sample was 25 R. A 3.2 mm diameter 
portion of the sample was stimulated diffusely from within the integrating sphere; the 
laser power at the sample was 60 µW. Matlab software operating on a personal 
computer was used to collect the data generated.  For comparison, measurements were 
also made using a commercial storage phosphor made by Fuji Photo Film Co. (type ST-
VI). 
 
For gamma-ray imaging, the sample was exposed using a 2 MeV source (Varian 
Medical Systems Linatron-M3) at a distance of 1.8 m. A 1.3 mm thick tantalum plate 
was used to condition the beam. Incident exposure at the tantalum plate was 
approximately 120 R. Lead backing prevented backscattering. Two types of phantoms 
were used during the imaging process. The first was an assembly of two, 25.4 mm 
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thick, 440 stainless steel plates, with one plate machined to create a series of small 
gaps with widths of 5.1, 10.2, 25.4, 50.8, 101.6, 203.2, and 508.0 µm between the two 
plates (see Figure A6 in the Appendix). The second was a depleted uranium step 
wedge phantom with 12.7 mm wide steps, which increased in thickness from 1.6 mm to 
25.4 mm, in 1.6 mm increments. Readout was obtained using a custom benchtop 
storage phosphor scanner (see Figure A4 in the Appendix), similar to the one detailed in 
Lubinsky et al [69]. The laser beam had a power of 60 mW and was focused to a 1/e2 
diameter of approximately 200 µm on the sample. Pixel size, determined by the scan 
velocity (20 mm per second), sampling rate (80 samples per second), and transverse 
step size, was 250 µm in both directions. 
 
Because storage phosphor plates are light-sensitive after exposure, several precautions 
were taken during the experiment to prevent unwanted recombination of the electron-
hole pairs. First, the plates were exposed within light-tight containers.  Secondly, after 
exposure, the plates were transported from the source to the readout within the light-
tight containers, where they remained until readout. Thirdly, positioning of the plates in 
the readout device was achieved using a low-power, red LED light. Lastly, ambient 
lighting in the room where readout occurred was reduced to the minimum necessary to 
carry-out the experiments.  
 
Results and Discussion 
 
Differential Scanning Calorimetry 
The DSC scan yielded a complex curve with multiple crystallization events (see Figure 
43).   The onset of the glass transition occurred at a temperature of about 212 °C.  The 
large exothermal peak at 253 °C represents the formation of hexagonal BaCl2 crystals 
[57, 66]. At higher temperature, these crystals undergo a solid state transformation to 
the orthorhombic phase [68]. The exothermic peak, associated with the hexagonal-to-
orthorhombic phase change, is obscured in this scan by a larger peak at 286 °C; the 
phase associated with this peak is unknown at this time. Because the precise phase 
transition temperature was not evident from the DSC scan, several trial-and-error heat 
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treatments were required to determine a suitable protocol for producing BaCl2 in the 
orthorhombic phase, the presence of which could be verified by XRD, phosphorimetry, 
SEM, and TEM.  
 
 
 
Figure 43. DSC scan at a rate of 1 K per minute for the sample glass. 
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X-ray Diffraction 
X-ray diffraction results confirmed that crystals precipitated during the heat-treatment 
process for the glass (see Figure 44). In the diffractogram, peaks from both the 
orthorhombic (Powder Diffraction File PDF 24-0094) and hexagonal (Powder Diffraction 
File PDF 45-1313) phases of BaCl2 can be identified, indicating the presence of both 
crystal types. There are also several large peaks present from an, as yet unidentified, 
crystal phase. Schweizer et al., found this phase to have hexagonal symmetry and 
lattice parameters of a = 0.39 nm and c = 0.407 nm, but did not report chemical 
composition [20]. The unidentified phase may play a role in storage phosphor 
performance and is the subject of ongoing research. Unknown phases have also been 
found in other FCZ glasses [9, 12]. 
 
Because there is much overlap between the diffraction peaks of hexagonal BaCl2 and 
the other phases, it is difficult to ascertain its relative concentration in the sample. 
Although, the diffraction peak at approximately 34° would seem to indicate a significant 
amount of hexagonal BaCl2 in the sample, care must be taken because some peak 
intensity may be due to diffraction from an unidentified phase. For this reason, 
phosphorimetry was also used to provide a better estimate of hexagonal content. 
 
 Phosphorimetry  
The photoluminescent emission spectrum can give insight into the phase of BaCl2 
present in FCZ glass ceramic samples [7, 74, 79]. It is particularly useful because trace 
amounts of crystal that are not detectable by XRD can produce an observable emission 
peak. A single emission peak centered at approximately 402 nm is associated with 
BaCl2:Eu
2+ in the orthorhombic phase; emissions at 410 and 470 nm are associated 
with BaCl2 in the hexagonal phase [12]. The emissions centered at 402 and 410 nm for 
the orthorhombic and hexagonal phases, respectively, are attributed to the 5d-4f band 
emission of Eu2+, with the difference in wavelength position being due to the different 
crystal environments [1, 80]. For the hexagonal phase, emission at 470 nm is attributed 
directly to the BaCl2 crystal itself and will occur regardless of whether or not Eu
2+ is 
present with the FCZ glass matrix, although the presence of Eu2+ will change the 
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excitation spectrum [66]. The luminescent properties of hexagonal BaCl2 outside of a 
glass matrix have not been studied extensively because it is metastable and cannot be 
grown as bulk crystals [63, 81]. 
 
 
 
Figure 44. (a) The X-ray diffractogram for the sample glass ceramic, (b) the 
pattern for orthorhombic phase BaCl2 (PDF 24-0094), and (c) the pattern for 
hexagonal phase BaCl2 (PDF 45-1313). The “*” indicates major diffraction peaks 
of an unidentified phase. 
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The emission and excitation spectra for the sample are shown in Figure 45.  The 
emission spectrum includes a large peak centered at 402 nm, indicating the presence of 
significant quantities of BaCl2 in the orthorhombic phase. There is, however, a small 
shoulder extending from the large peak at 402 nm to about 550 nm; this is a sign that a 
small volume of hexagonal BaCl2 is also present in the sample. These findings are in 
agreement with the XRD results, although the hexagonal content appears to be much 
smaller than that suggested by XRD. It is important to have a high ratio of orthorhombic-
to-hexagonal phase crystals in the imaging plate, because the hexagonal phase does 
not significantly contribute to storage phosphor emission [79]. 
 
SEM and TEM 
The backscattered electron image in Figure 46a highlights the location of the BaCl2 
crystals within the glass matrix. The crystals show up with bright contrast. The glass 
ceramic has a high density of randomly orientated BaCl2 crystals. Because it is difficult 
to infer the morphology using only SEM, a focused ion beam system was used to view a 
cross section of the glass ceramic. The FIB system was also used to make the TEM 
specimen, with the TEM lamella sectioned out of the same specimen from which the 
cross-section was made. The cross section lamella highlights the random orientation of 
the crystals and their rounded disc shape (Figure 46b).  
 
Dark-field TEM imaging was used to locate and characterize the structure and 
morphology of the crystals.  The bright and dark contrast in the image, as shown in 
Figure 47a, corresponds to crystals in the matrix. The crystals vary in size, but generally 
are ~0.5-0.7 μm rounded discs that are ~0.2 μm thick. The difference in density of 
crystals between the TEM and SEM images is due to the large increase in 
magnification. The TEM specimen was tilted to multiple orientations to identify the 
crystal structure of the embedded crystals. Figure 47b shows an SAED pattern recorded 
down the [001] zone axis of an orthorhombic BaCl2 crystal. For comparison, a simulated 
pattern with the same orientation is also shown in Figure 47c. The simulated pattern 
contains both the allowed reflections (black) and forbidden reflections (white). The 
SAED patterns from the orthorhombic BaCl2 crystals also contain both the allowed and 
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forbidden reflections; this is due to the high thickness of the crystals that leads to the 
formation of double diffraction spots. The pattern shown in Figure 47b indicates that the 
precipitate from which it is recorded is a single crystal. Additionally, the SAED patterns 
show that the crystals go through the thickness of the TEM lamella, because of the lack 
of any amorphous diffraction from the glass matrix. 
 
The size of the embedded crystals (~0.5-0.7 μm) is much larger than reported in similar 
work [79]. The size of the crystals is of the same order as the stimulating laser 
wavelength (532 nm), which will lead to reduced resolution in imaging applications, due 
to scattering. Future work will focus on optimization of the heat-treatment process to 
reduce the crystal size for increased resolution. 
 
It should be noted that the TEM characterization did not reveal the presence of any 
hexagonal phase BaCl2 in the sample. This indicates that the volume of the hexagonal 
phase is very small in the sample, in agreement with the phosphorimetry results. 
 
Photostimulated Emission Measurements 
After exposure to 1 MeV radiation, the light emission under constant stimulation was 
observed as a function of time for the sample, (see Figure 48).   For ease of 
comparison, the PSL data can be fitted to an exponential decay curve (see equation 1), 
where I0 is the initial signal intensity and λ is the stimulation speed (decay rate). 
 
                         (2) 
       
The initial intensity is proportional to the fraction of the absorbed energy stored, optical 
cross-section, laser stimulating power, and the system gain. The decay rate is 
proportional to the optical cross-section of the storage states in the material. Faster 
decay times (larger values of λ) reduce the readout times and are desirable in storage 
phosphor materials used in imaging applications. Another important attribute is the gain 
(the number of stimulated photons per absorbed x-ray), which is proportional to the area 
94 
 
under the decay curve, I0/λ.  Higher gains reduce exposure time (dose) and improve the 
signal-to-noise ratio. 
 
 
 
Figure 45. (a) The excitation spectrum and (b) emission spectrum for the sample 
FCZ glass-ceramic imaging plate. The emission wavelength was 410 nm for the 
excitation scan. The excitation wavelength was 360 nm for the emission scan. 
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Figure 46. (a) Backscattered electron image of the heat-treated specimen 
(uncoated). (b) SEM image of heat-treated FIB lift-out specimen during the final 
milling process. 
 
 
Figure 47. (a) Dark-field TEM image of orthorhombic BaCl2 crystals in the FCZ 
glass matrix. (b) The SAED pattern of the [001] zone axis of one of the 
orthorhombic BaCl2 crystals and corresponding (c) simulated SAED pattern with 
forbidden reflections shown (white spots). 
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The results from the FCZ glass ceramic were compared to those from a Fuji commercial 
storage phosphor plate used for medical imaging, which contains barium fluorobromide 
crystals doped with divalent europium (BaFBr:Eu2+). The well-known storage phosphor 
properties of BaFBr:Eu2+ make it an excellent benchmark [36].It should be noted that, 
although satisfactory for the general comparison purposes described here, the fitted 
decay curve for BaFBr:Eu2+ with a single decay constant, as expected,  deviates 
somewhat from the measured PSL decay curve because the material possesses two 
types of F-centers (F- and Br-). The FCZ glass ceramic sample had 26.7% of the gain 
and 28.1% of the stimulating speed of the commercial storage phosphor. The system 
gain in storage phosphors arises from a series of several processes: storage, 
stimulation, light escape, collection, and detection. Since the last two were kept 
constant in the experiments, the authors conclude that some or all of the first three 
processes are more efficient in the commercial material. The increased stimulating 
speed may be due to a larger optical cross-section (generally assumed to be F-centers 
in the commercial material), or to increased scattering of the stimulating light. The 
attributes of the sample plate, however, are quite sufficient to allow for imaging at 1 
MeV; test images are shown in the subsequent section. 
 
The total integrated photon flux from the sample may be calculated with the PMT 
quantum efficiency at the emitted wavelength (24%), filter transmittance (75%), PMT 
gain (1.3x105), and current amplifier transimpedence (1x106 ohm). From this value, the 
conversion efficiency (CE), defined as the total released photon energy per incident x-
ray dose, may be estimated [78]: 
 
      
  
                      
        [3] 
 
For the sample measured here, with an incident dose of 40 R at 1 MeV and 1.3 mm 
tantalum filtration, CE is estimated as 0.11 nJ/(R-mm2). 
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The stimulation exposure (SE) was calculated using the incident stimulating laser power 
(P = 60 µW), and the measured time for 1/e decay of the PSL signal [78]: 
 
    
 
 
          [4] 
 
For the FCZ glass-ceramic image plate, at the exposure conditions as above, SE is 
estimated as 2.5 x 10-4 J/mm2.  
 
The above results were obtained by measuring the light output from the side of the 
phosphors which faced the impinging radiation (front face). By exposing two identical 
portions of the sample image plate at the same time, it was possible to compare the 
light output from the side facing the radiation source (front face) with the opposite side 
(back face) as shown in Figure 49. Evidently, significantly more energy is stored 
towards the back of the sample, under the 1 MeV exposure conditions. At high incident 
photon energies, the extended range of the energetic charged particles created is 
expected to result in a dose “build-up” region extending from the front of the plate to a 
depth equal to the particle range. An alternate explanation is that as the impeded 
radiation inelastically scatters forward through the sample, the reduced energy of the 
photons is more conducive to the creation of the electron-hole pairs necessary for PSL. 
 
Gamma-Ray Computed Radiography 
A sample image recorded under 2 MeV exposure conditions using the gap phantom is 
shown in Figure 50a. In the image, the 101.6, 203.2, and 508.0 µm wide gaps in the 
phantom are visible. Figures 50b, 50c and 50d, show the average profile across each 
gap in the areas detailed in Figure 50a. The features in the image measured wider than 
their actual dimensions in the phantom. Some widening of features in the image is due 
to Compton scattering within the tantalum filter and the image plate. Photoelectric 
interactions within the image plate also add to the spreading, due to the emission of x-
rays and their subsequent re-absorption at other locations. Other factors such as large 
sampling pixel size and scattering of the stimulating light by the relatively large crystals 
in the glass matrix can also contribute to the spreading. Parameters were not optimized, 
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so it would be reasonable to expect features on the order of tens of microns to be 
imaged following further optimization. One simple way to reduce scattering would be to 
use thinner image plates, although a drop in light output would be expected to 
accompany the increased resolution. Future studies will use a more advanced 
telecentric scanner, capable of fully realizing the resolution potential of the samples [69]. 
 
There is a non-zero baseline in each profile due to partial transmission of the incident 
radiation through the stainless steel phantom plate. Each profile has a different value for 
the baseline that is attributed to partial recombination of electron-hole pairs before 
readout: this varies with time and therefore readout position–the portion of the plate 
scanned last experiences the most unwanted recombinations.  In CR, stimulating light 
can be reflected off the sample, and then further reflected back onto the sample by the 
imaging system’s collector assembly to create recombination in regions of the sample 
not yet scanned, thus, reducing the signal.  In addition, even in complete darkness, 
storage phosphor plates will experience some recombination at room temperature due 
to thermal stimulation, a phenomenon known as dark decay. Because the number of 
electron hole pairs is reduced, light output will diminish over time. The effects of these 
two phenomena are especially evident in this image due to the relatively large vertical 
distance between profiles and the slow vertical scan rate in the readout system used, 
which exacerbates both problems. The estimated time between the first profile, Figure 
50b and the last, Figure 50d, is considerable: at 8 minutes and 45 seconds. Again, 
future studies will be conducted with a faster, more advanced telecentric scanner which 
should greatly reduce these issues [69]. Nonuniform exposure can also lead to changes 
in baseline values. However, the exposure distance was sufficiently long (1.8 meters) in 
the experimental setup, so that nonuniformity is not believed to be a significant 
contributing factor. 
 
A sample image of the depleted uranium step wedge phantom is shown in Figure 51. 
Assuming Kramers’ law for the bremsstrahlung radiation emitted from the W anode of 
the Varian Linatron-M3 source, the intensity spectrum transmitted though the various 
thicknesses of the step wedge and the tantalum filter, and incident on the storage 
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phosphor can be calculated. This was done for several energies between 0 and 2 MeV, 
and for each of the five steps (including zero thickness) illustrated in the image shown in 
Figure 51. The NIST tables of x-ray mass attenuation were used for the calculations. 
The PSL signal produced by the sample for each step was measured, with a variability 
of about 5%. By integration of the incident spectra over energy, the total energy and the 
total number of photons incident on the sample can be calculated, for each step of the 
image. The resultant PSL signal is plotted as a function of incident energy, photon 
number, and step thickness in Figures 52, 53, and 54. In addition, the estimated 
absorbed dose, shown in Figure 55, was calculated based upon a 120 R exposure at 
the tantalum filter and the calculated transmitted energy spectrum. The PSL response is 
found to be linear versus the total incident energy and absorbed dose, but not linear 
versus photon number or phantom step thickness. The linear response to incident 
energy and absorbed dose shows that the plates also have potential for dosimetry 
verification in portal imaging and for additional dosimetry applications, as a large area, 
two-dimensional reusable detector [82, 83]. 
 
Conclusions 
 
The FCZ glass-ceramic storage phosphor plate showed potential for use as an imaging 
plate for gamma-ray computed radiography and dosimetry applications. Although the 
sample has only 26.7% of the gain and 28.1% of the stimulating speed of a commercial 
storage phosphor, its attributes are quite sufficient to allow for imaging at MeV energies. 
Gaps as small as 101.6 µm in a 440 stainless steel phantom were imaged using the 
sample plate. Analysis of an image created using a depleted uranium step wedge 
phantom showed that photostimulated emission is proportional to incident energy at the 
sample and also to the estimated absorbed dose. The sample was found to contain 
large (0.5-0.7 μm) orthorhombic BaCl2 crystals in an FCZ glass matrix, which may 
account for the limited image resolution. Optimization of the heat treatment process 
should lead to a reduction in crystal size and increased resolution in imaging 
applications. Future studies will use a more advanced telecentric scanner, capable of 
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fully realizing the resolution potential of the samples. The ability of the plate to generate 
an image at MeV energies with complementary dosimetry information indicates potential 
for use in portal imaging applications. 
 
 
 
Figure 48. PSL decay curves for a) the commercial storage phosphor plate and b) 
the sample FCZ glass-ceramic imaging plate. Curve fits are shown with a dashed 
line. 
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Figure 49. Comparison of PSL decays curves from the (a) back face and (b) front 
face of the sample imaging plate in relationship to the radiation source. Curve fits 
are shown with a dashed line. 
  
102 
 
 
Figure 50. (a) Image of the 440 stainless steel gap phantom using the sample 
imaging plate with corresponding profiles taken at the (b) 101.6, (c) 203.2, and (d) 
508.0 µm thick gaps. 
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Figure 51. Image of a portion of the depleted uranium step wedge phantom using 
the sample imaging plate, with the thickness of each step of the phantom 
indicated. 
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Figure 52. PSL signal versus incident energy derived from an image of the step 
wedge phantom using the sample imaging plate.  A linear trendline is shown in 
black. 
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Figure 53. PSL signal versus the number of incident photons derived from an 
image of the step wedge phantom using the sample imaging plate. 
106 
 
 
Figure 54. PSL signal versus the step increment derived from an image of the 
step wedge phantom using the sample imaging plate. 
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Figure 55. PSL signal versus the estimated absorbed dose derived from an image 
of the step wedge phantom using the sample imaging plate. A linear trendline is 
shown in black. 
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CHAPTER V: CONCLUSION 
 
FCZ glass ceramics were successfully synthesized for both photovoltaic and computed 
radiography applications, demonstrating the versatility of these materials. 
Characteristics of the materials were tailored through the use of dopants and other 
compositional changes. The phase of the BaCl2 crystals, hexagonal or orthorhombic, 
present in the glass matrix, was critical to each application and was controlled by the 
heat treatment process. 
 
FCZ glass ceramics containing hexagonal BaCl2 nanocrystals were shown to effectively 
downshift ultraviolet light, resulting in emissions in the visible portion of the spectrum, 
that are more favorable for polycrystalline silicon photovoltaic cells. Doping with Eu2+ 
altered the excitation spectrum of the materials, making it more closely match the 
incident solar spectrum at the earth’s surface. Ho3+ co-doping gave rise to additional 
emissions at higher wavelengths and nearer to the band gap energy of polycrystalline 
silicon photovoltaic cells. Using these materials as outer layers for solar cells may 
increase their efficiency.  
 
The percentage of NaF used in the preparation of FCZ glass ceramics was shown to 
have a great effect on material properties. With increased NaF content, the molten glass 
was more stable during synthesis, with significantly reduced losses due to evaporation. 
Thermal properties were affected, with glass transition, crystallization, and phase 
transformation temperatures generally reduced with increased NaF content. The 
amount of NaF used in the synthesis of the samples affected the formation of additional 
phases at high temperatures that are believed to consume the orthorhombic phase 
BaCl2:Eu
2+ crystals responsible for the materials’ storage phosphor properties. This 
result in turn limited the maximum PSL light output achievable after the heat treatment 
process. 
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Although the PSL light output of the samples was considerably less than that of 
commercial storage phosphors at energies typical for intraoral dental radiography, the 
materials show potential for nondestructive testing, where dose is not a primary 
concern. Gaps as small as 101.6 µm in a 440 stainless steel phantom were successfully 
imaged using a sample FCZ glass-ceramic computed radiography imaging plate 
containing orthorhombic phase BaCl2:Eu
2+ crystals after exposure with a source 
operating at 2 MeV. It was also shown that PSL light output for the imaging plate was 
proportional to incident energy and estimated absorbed dose, suggesting that these 
materials may find use in dosimetry applications. The ability of these materials to 
generate an image at MeV energies with complementary dosimetry information 
indicates potential for use in portal imaging applications. 
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Figure A1. An argon atmosphere glovebox with attached tube furnace. 
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Figure A2. A brass mold with inserted cartridge heaters and thermocouple. A 
portion of a sample can be seen in the top of the mold. 
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Figure A3. (a) A programmable heat treatment system and (b) the interior of the 
heat treatment chamber.  
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Figure A4. Schematic of a custom benchtop computed radiography scanner. 
Note: The controller for the x-y stage is not shown. 
  
124 
 
Table A1. Mass loss caused by evaporation during glass synthesis as a function 
of NaF content. 
NaF (%) 10 15 20 25 30 
mass of crucible and ingredients before 1st melt 
(grams) 
52.86 52.97 52.97 52.17 53.04 
mass of crucible and ingredients after 1st melt 
(grams) 
51.37 51.77 52.19 51.39 52.58 
material lost during 1st melt (grams) 1.49 1.20 0.78 0.77 0.45 
mass of crucible and ingredients before 2nd melt 
(grams) 
54.54 54.91 55.27 54.41 55.56 
mass crucible plus residue after pour (grams) 47.67 47.29 46.84 46.40 46.93 
sample mass (grams) 5.88 6.87 7.83 7.53 8.26 
material lost during  2nd melt (grams) 0.99 0.75 0.59 0.48 0.37 
total material lost (grams) 2.48 1.95 1.37 1.26 0.82 
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Figure A5. Integrated PSL signal for two portions of  the 25% NaF sample, heat 
treated to 315 °C, based upon integration of the raw data over 10 seconds:  (a) 
sample portion #1, measurement #1, (b) sample portion #1, measurement #2, (c) 
sample portion #1, measurement #3 , and (d) sample portion #2, measurement #1. 
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Figure A6. A gap phantom consisting of the assembly of two, 25.4 mm thick, 440 
stainless steel plates, with one plate machined to create a series of small gaps 
with widths of 5.1, 10.2, 25.4, 50.8, 101.6, 203.2, and 508.0 µm between the two 
plates. 
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